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2
014 marks the centennial of the commence-

ment of World War I. One connection between 

today and that seemingly long-ago war is how 

we make choices when the future seems obvious 

only in retrospect, in what former U.S. Secretary 

of State George P. Shultz refers to as a world 

“awash in change.” Max Hastings, in Catastrophe 

1914: Europe Goes to War, summarizes his views on 

how the rulers of Europe allowed World War I to start, 

then continue with a 

loss of over 8.6 mil-

lion soldiers: “It is 

more appropriate to 

call them deniers, who 

preferred to persist 

with supremely dan-

gerous policies and 

strategies….”

The parallels be-

tween today’s political 

decisions regarding cli-

mate change and the 

decisions that led Eu-

rope to World War I 

are sobering. Those 

made in 1914 reflected 

political policies pur-

sued for short-term 

gains and benefits, in-

stitutional hubris, and 

a failure to imagine 

and understand the 

risks. The result was a disaster in many ways, the rever-

berations from which are still felt a century later.

Once again, nations face a challenge—climate 

change—which, if left unmanaged, has the potential 

to bring tremendous pain to hundreds of millions of 

people and seriously disrupt the existing economic and 

political orders of the day. Although we do not know 

exactly how climate change will evolve, we do know 

that ignoring climate change is tantamount to assum-

ing that there will be no change, an exceedingly un-

likely outcome.

So, what to do? Here are three proposals for action 

to “buy-down” the risk we have accreted: Increase our 

understanding of the near-term future, and focus on 

the most dangerous and most probable risks; take 

the actions needed to maintain society’s essential in-

frastructure: water, food, and a viable coastline; and 

make the commitments to accelerate our shift to a no-

carbon energy future.

We need to have adequate warning of truly extreme 

environmental conditions or abrupt, unexpected 

changes. This goal cannot be achieved without sub-

stantially improving the ability to monitor Earth’s 

systems. This will lead to a better understanding of 

when, why, and how the details of climate are changing 

and improvements of early-warning systems for any 

sudden changes.

We must devote greater resources to the manage-

ment and efficient use 

of fresh water, and 

its impact on food 

and energy produc-

tion. We must address 

another water chal-

lenge—the inexorable 

rise in sea level, which 

threatens coastal com-

munities and vital 

economic and security 

infrastructure. We 

must also meet the 

challenge of ocean 

acidification, global 

warming’s “silent, evil 

twin,” on ocean eco-

systems, the primary 

source of protein for 

about 2 billion people.

We must stabilize 

the climate system by 

solving the root cause 

of its changes: unchecked greenhouse gases entering 

the atmosphere. We must focus the best minds on this 

challenge, develop the needed technologies, and drive 

their costs down so that they can be implemented. 

Ubiquitous, affordable, non–carbon-based power and 

clean water will change the world for the better.

In 2014, we again face uncertainties and choices of 

enormous consequence, just as the European powers 

faced choices in 1914. The data and projections are laid 

out in front of us, as they were for them. Will we re-

peat the same mistakes they made a century ago? This 

is not a political or partisan issue—the atmosphere, 

water, and ice neither know nor care how anyone votes 

or thinks. Humanity can perform amazing, nearly mi-

raculous feats. But it requires sustained leadership 

from all sectors and at all levels. Political leaders must 

remember those ghosts from history a century ago—

and this time avert the crisis.

    Ghosts from the past    

David Titley 

is a retired 

Rear Admiral 

of the United 

States Navy 

and is director 

of the Center 

for Solutions 

to Weather and 

Climate Risk at 

The Pennsylvania 

State University, 

University Park, 

PA 16802, USA. 

E-mail: dwt12@

psu.edu

EDITORIAL

– David Titley  
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“...we again face uncertainties and 
choices of enormous consequence, just 

as...in 1914.”
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Australia scraps carbon tax
CANBERRA |  Bucking global efforts to 

curtail carbon pollution, the Australian 

government last week abolished a 

national carbon tax. The move to “ax the 

tax” makes Australia the first country 

in the world to abolish a functioning 

carbon pricing scheme. Energy research-

ers condemn the move. The tax repeal 

is a “dereliction of duty with respect to 

the rights of young people and future 

generations,” says energy research expert 

Hugh Outhred of the University of New 

South Wales in Sydney. The centerpiece 

of Australia’s Clean Energy Act passed 

in 2012, the carbon tax required 350 of 

the nation’s biggest polluters to purchase 

carbon credits, valued at AU$23 per ton, 

if they exceeded their allotted targets. The 

legislation sparked significant reductions 

in Australia’s carbon dioxide emissions, 

analysts say. http://scim.ag/Auscarbtax

Lawsuit over golden rice paper
WOBURN, MASSACHUSETTS |  Tufts 

University nutrition scientist Guangwen 

Tang is suing the American Society for 

Nutrition (ASN) and Tufts to prevent the 

retraction of her 2012 nutrition study of 

golden rice in Chinese children, published 

in The American Journal of Clinical 

Nutrition. The study aimed to find out 

how well the body converts golden rice—a 

The 20th International AIDS Conference, held in 

Melbourne, Australia, this week, was overshadowed 

by the death of leading researcher Joep Lange and 

fi ve other delegates who perished when Malaysia 

Airlines fl ight MH17 was shot down over Ukraine 

on 17 July. Colleagues praised Lange (left), who was 

head of the Amsterdam Institute for Global Health 

and Development, for his leadership and vision. In a speech at the 

meeting, David Cooper, head of the Kirby Institute for Infection and 

Immunity in Society in Sydney, Australia, noted that Lange early 

on recognized that a single drug against HIV likely would fail. “He 

single-handedly convinced the pharmaceutical industry that combi-

nation chemotherapy was the way to go,” Cooper said. Lange then 

made it his mission to bring the treatment to the world’s poor, proba-

bly saving “tens of thousands of lives,” he said. Also killed in the crash 

were Lange’s partner, Jacqueline van Tongeren, who was communica-

tions director at his institute; three others working in the Dutch HIV/

AIDS community; and World Health Organization spokesman Glenn 

Thomas. http://scim.ag/LangeMH17

AIDS researcher dead in Ukraine crash

Malaysian Airlines flight 

MH17 was shot down over 

Ukraine last week.

NEWS
I N  B R I E F

Golden rice may help vitamin A deficiency in children.

19,000,000
Hectares of land needed for new U.S. energy sites by 2040, estimated 

at the North America Congress for Conservation Biology.
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genetically modified crop aimed at fighting 

vitamin A deficiency—into vitamin A. After 

a Tufts investigative panel found ethical 

lapses in the study last year, ASN allegedly 

asked Tang and her co-authors to with-

draw the paper. The scientists declined; 

Tang, who filed suit 9 July, argued that 

retraction is tantamount to defamation. 

One of Tang’s supporters says the society 

has agreed to a 90-day stay before retract-

ing the paper to attempt to settle out of 

court. http://scim.ag/riceretraction

Remote tribe contracts flu 
ACRE, BRAZIL |  Members of a long-

isolated Amazon tribe have contracted 

influenza after making voluntary contact 

with the outside world (Science, 11 July, 

p. 125). Members of the tribe had emerged 

from the forest along the Upper Envira 

River late last month, possibly to evade 

illegal loggers and cocaine traffickers. 

They spent several weeks with repre-

sentatives from Brazil’s Indian affairs 

department (FUNAI) and with people 

from an indigenous village. Late last week , 

FUNAI announced that the tribespeople 

had contracted the flu virus, to which they 

have no immunity—particularly worrying 

because thousands of such tribespeople 

live in the Amazon region. A govern-

ment medical team treated the infected 

tribespeople and provided them with 

immunizations, according to FUNAI, but 

the group then returned to their forest 

home—a development that alarms many 

researchers. http://scim.ag/flutribe

Bill would boost NSF funding
WASHINGTON, D.C. |  The Senate’s 

Commerce, Science, and Transportation 

Committee released proposed legislation on 

18 July that calls on Congress to increase 

the National Science Foundation’s (NSF’s) 

budget by nearly 40%, to $9.9 billion, 

by 2019. It also endorses NSF’s current 

policies for reviewing grant proposals 

and—in sharp contrast to a U.S. House 

of Representatives bill—emphasizes the 

importance of the social sciences as part of 

a balanced research portfolio. The bill, titled 

the America COMPETES Reauthorization 

Act of 2014, would replace the 2010 America 

COMPETES Act, which expired last year. 

But neither the Senate nor the House is 

likely to complete action on its reauthori-

zation bill before the November election. 

http://scim.ag/SenCOMPETES

NEWSMAKERS

Three Q’s
Neuroscientist John Donoghue has spent 

the past decade working on “BrainGate,” 

brain-machine interfaces that allow 

paralyzed people to control prosthetic 

limbs using their minds. This summer, he’s 

leaving Brown University to become direc-

tor of the new Wyss Center for Bio- and 

Neuro-Engineering in Geneva, Switzerland. 

Q: What’s the new Wyss center’s mission?

A: The goal is to make neuroprosthetics 

that will be practical in the real world. A 

lot of times we do things that look really 

cool to the media, but are they something 

that will help people in everyday life? 

Q: Does Europe provide a more stable 

environment for neuroscience research?

A: The U.S. has absolutely extraordinary 

scientists and neuroscience is amazing 

here. I am a little disappointed that the 

U.S. is not investing 

as heavily as other 

countries, though. If you 

look at countries that 

are investing heavily in 

industry, education, and 

science, it’s Germany 

and Switzerland. 

Q: Of  cially you are on a 1-year sabbati-

cal from Brown. Will you go back?

A: I don’t know. I love Brown, and I 

never thought I would even think of going 

someplace else, but to have the chance to 

shape something like this—it’s hard to turn 

something that wonderful down. 

New Zealand plans to 

poison stoats and rats 

to save the brown kiwi 

and other native birds.

Battle for the birds

N
ew Zealand is beginning its larg-

est pest control effort, aimed at 

protecting native birds, bats, and 

snails across more than 708,000 

hectares on the south island. The 

plan is a response to a massive abundance 

of beech seed, which began in March, 

due to 2 years of favorable weather. The 

bumper crop is predicted to cause “a 

plague of rodents of biblical proportions,” 

said Conservation Minister Nick Smith in a 

statement. Once the rats and stoats finish 

the seed, they will likely hunt native spe-

cies. To knock down the rodent population, 

workers will set traps and drop poison by 

helicopter in 29 forests until November. 

Although the toxic bait, laced with sodium 

monofluoroacetate, is formulated to 

minimize deaths to deer and birds, some 

environmental and farming groups object 

to its use. The effort will cost between 

NZ$9 million and NZ$12 million, part of a 

5-year, NZ$21 million campaign.
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By Martin Enserink

T
here’s little doubt what Erica Ollmann 

Saphire would do if she had Ebola or 

knew she had been exposed. The x-ray 

crystallographer at the Scripps Re-

search Institute in San Diego, Califor-

nia, is leading an international effort 

to develop a potent mix of monoclonal anti-

bodies against the virus, some of which have 

already shown promise in animals. Knowing 

the staggering case fatality rate of this hem-

orrhagic fever, Ollmann Saphire says she 

would take the antibodies—never 

mind that they haven’t been tested 

for safety. “Believe me, I’d run for 

the freezer and ask for forgiveness 

instead of permission,” she says.

Many Ebola researchers say they, 

too, would eagerly try the antibod-

ies—or one of the promising can-

didate drugs, or an experimental 

Ebola vaccine. And they would love 

for people in Sierra Leone, Guinea, 

and Liberia to have access to ex-

perimental therapies as well, as the 

death toll from the largest Ebola 

outbreak on record climbs past 600. 

But it’s not going to happen. 

As the outbreak in West Af-

rica worsened, debates intensified 

among scientists, government offi-

cials, and company executives about 

bringing some of these unapproved products 

to Africa on a so-called compassionate use 

basis—after all, “something is better than 

nothing,” Ollman Saphire says. “I have been 

on at least half a dozen conference calls 

about this,” says Lisa Hensley, an expert in 

hemorrhagic fever viruses at the National 

Institute of Allergy and Infectious Diseases 

(NIAID) in Frederick, Maryland. 

But the organizations fighting Ebola on 

the ground say they simply can’t bring an 

untested, unlicensed drug to a population 

that’s already distrustful of the teams try-

ing to stamp out the outbreak. “Some peo-

ple are throwing stones at us,” says Armand 

Sprecher, a public health specialist at the 

Brussels office of Doctors Without Borders. 

“There are rumors that we are spreading 

disease, harvesting organs, and other hor-

rible things. Bringing in unlicensed things to 

experiment on people could be very counter-

productive.” A representative for the World 

Health Organization (WHO) adds that using 

vaccines now “would not be ethical, feasible, 

or wise.”

Longtime Ebola researchers say they ac-

cept that decision, but they’re frustrated. 

“It’s very, very disappointing,” says Heinz 

Feldmann of NIAID’s Rocky Mountain Labo-

ratories in Hamilton, Montana, who has 

helped develop a promising vaccine candi-

date. But Feldmann hopes the tragedy will at 

least help unclog the product pipeline.

With 1048 reported cases and 632 deaths 

since March—a 60% fatality rate—the West 

African outbreak shows no signs of tapering 

off. People in the affected countries are more 

mobile than in the central African regions 

struck by Ebola in the past, Sprecher says, giv-

ing the virus more options to spread. What’s 

familiar are the cultural problems in battling 

Ebola. The measures that will contain the 

virus—strictly isolating patients, tracing and 

monitoring their contacts, and burying the 

dead quickly and safely—are often difficult 

for the local population to accept.

Despite the media’s fascination with Eb-

ola, the disease is exceedingly rare, which 

has slowed the development of coun-

termeasures. Before the current one, all 

known outbreaks had caused fewer than 

2400 cases, across a dozen African coun-

tries over 3 decades. Add the poverty of 

those countries, and the market for drugs 

and vaccines looks unpromising. 

(Complicating matters, Ebola-

Zaire, now raging in West Africa, is 

just the most common of five Ebola 

species; each needs its own coun-

termeasures.) Most research has 

been funded by the U.S. govern-

ment in response to worries about 

biowarfare and bioterrorism.

But that support hasn’t been 

enough to bring a single product 

to the market. Feldmann’s vaccine, 

for instance, consists of a livestock 

pathogen called vesicular stomati-

tis virus (VSV) in which one gene 

has been replaced with that for 

Ebola’s surface glycoprotein. It 

gives rhesus macaques full protec-

tion against Ebola-Zaire and saved 

four out of eight animals when 
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INFECTIOUS DISEASES 

Ebola drugs still stuck in lab
Experts discussed—and rejected—bringing experimental 
vaccines and therapies to West Africa

I N  D E P T H
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Too little, too late
A selection of Ebola vaccines and drugs in development. Only 

TKM-Ebola has entered a phase I trial, which was halted by FDA.

VACCINES        DRUGS DEVELOPERS 

VSV-based vaccines Profectus BioSciences; Public 

 Health Agency of Canada

Adenovirus-based At least three different 

      vaccines labs/companies

TKM-Ebola (RNAi-based) Tekmira Pharmaceuticals Corp. 

Nucleoside analog U.S. Army Medical Research 

 Institute of Infectious Diseases 

Monoclonal antibodies Many labs/companies 

AVI-7537 (antisense-based) Sarepta Therapeutics

 

Health workers carry the body of an Ebola virus 

victim in Kenema, Sierra Leone, on 25 June 2014.

Published by AAAS



By Eric Hand

J
ohn Grotzinger, the project scientist 

for NASA’s Curiosity rover, is eager 

to study the rocks on Mars. But right 

now he fears them. “Today the rover 

planners were so tense that they only 

agreed to drive 10 meters,” he says. 

“It’s killing us.”

The problem: Daggerlike rocks are tear-

ing into Curiosity’s featherweight aluminum 

wheels. The rover has been returning increas-

ingly alarming pictures of punctures in the 

metal, which is just 0.75 millimeters thick, 

and scientists and engineers both on and off 

the team are concerned. Even Alcoa, one of 

the world’s largest aluminum producers, has 

offered suggestions for minimizing the dam-

age, says Grotzinger, a planetary scientist at 

the California Institute of Technology in Pas-

adena. “I’ve got a nation of back-seat drivers,” 

he says.

Soon after landing 2 years ago, on 5 August 

2012, the rover struck pay dirt, drilling into 

an ancient lakebed that revealed a formerly 

habitable environment (Science, 24 January, 

p. 386).  And a few months ago, the mission 

scientists announced that they had found 

signs of organic molecules called chloro-

benzenes, although they don’t know whether 

the compounds derived from meteoritic de-

bris or could be a byproduct of ancient life 

(Science, 28 March, p. 1419). Those findings 

and others have made them itchy to get to 

the main event: a mountain, ringed by water-

altered sediments, that rises 5.5 kilometers 

from the middle of Gale crater. For the past 

year, the rover has been on a fast-track route 

across swaths of sharp-rocked terrain.

But its latest troubles have forced opera-

tors to back off the throttle. By January, mis-

sion engineers saw that damage to the wheels 

was accumulating at an alarming rate. Geolo-

gists on the team worked to map the terrain, 

using instruments on the Mars Reconnais-

sance Orbiter, and quickly picked out the 

offending rock formation. It was tightly ce-

mented, retained a history of more craters 

than surrounding formations, and formed a 

cap rock, jutting above the landscape. Frac-

tures in the cratered rock have allowed the 

wind to whittle the rock into 

sharp pyramidlike pieces.

The mappers charted a new 

route that took the rover off the 

cap rock and into narrow, sand-

filled valleys. The detour risked 

trading one hazard for another: 

ripples of sand piled up 30 to 

40 centimeters high in the cen-

ter of the valleys. Although the 

miniature sand dunes shouldn’t 

pose much of a problem for the 

2-meter-high rover, the team 

has played it safe by sticking to 

valley edges, where the ripples 

taper, says Raymond Arvidson, 

a planetary scientist at Washing-

ton University in St. Louis who 

has led some of the rerouting efforts. “You 

don’t want to get all six wheels on sand going 

uphill,” he says. The new route paid imme-

diate dividends: Damage rates plummeted, 

and the odometer ticked along faster. Last 

month, in one of the valleys, Curiosity drove 

143 meters in 1 day—the second longest drive 

of the entire mission.

Recently the rover climbed back onto cap 

rock. But engineers at the Jet Propulsion 

Laboratory (JPL) in Pasadena are working 

on other ways to ease the wear and tear on 

the wheels. One is driving backward; Proj-

ect Manager Jim Erickson likens the benefit 

to that of dragging a roller bag over a curb 

rather than pushing it. He says the team is 

also working on software changes that could 

cut the torque applied to an individual wheel 

when it senses a hazardous object.

Others are trying to understand how the 

wheels could ultimately break. In the Mars 

Yard at JPL, engineers have created a sandy 

racetrack so that three wheels—half of 
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Road hazards threaten rover
To limit wheel damage from sharp rocks, the Curiosity 
Mars rover detours into sandy valleys

given 30 minutes after an otherwise lethal 

dose of the virus. But the Public Health 

Agency of Canada (PHAC) in Winnipeg, 

Feldmann’s previous employer, has yet to 

take it to phase I safety trials in human vol-

unteers. Profectus BioSciences in Tarrytown, 

New York, which is developing a similar vac-

cine, needs some $2 million to produce it un-

der good manufacturing practice standards, 

a prerequisite for any human study.

A leading drug candidate has more fund-

ing and is further advanced, but it also 

faces obstacles. The compound, identified 

by U.S. Army researchers and based on RNA 

interference, is in development at Tekmira 

Pharmaceuticals Corp., a Burnaby, Canada–

based company that has a Pentagon contract 

worth up to $140 million to produce it. But on 

3 July, the company announced that the 

Food and Drug Administration had put a 

phase I trial on hold because it wants more 

data and a change in the protocol to protect 

participants’ safety. Tekmira says it expects 

to resolve the issue by the end of the year.

Monoclonal antibodies are similarly sty-

mied. In the $28 million NIAID-funded proj-

ect that Ollmann Saphire is leading, 25 labs 

from seven countries are pooling their anti-

bodies to see which cocktail best blocks the 

virus. But again, none of these has entered 

a phase I trial. The same is true for a pow-

erful nucleoside analog—a small molecule 

that’s cheap to make—developed by the U.S. 

Army Medical Research Institute of Infec-

tious Diseases. A promising antisense-based 

compound by Sarepta Therapeutics in Cam-

bridge, Massachusetts, was put on ice after 

the Pentagon ended its funding in 2012.

Still, an exception was once made for com-

passionate use of an Ebola therapy. In 2009, 

when a German researcher pricked her fin-

ger with a syringe containing Ebola, the VSV 

vaccine was rushed from Winnipeg to Ham-

burg, where she received it 48 hours after 

the accident and remained healthy. Whether 

the vaccine helped can’t be determined. 

But that was a single case in an intensive 

care unit in a Western hospital where the 

patient could be monitored closely for side 

effects and treated if needed, says PHAC vi-

rologist Gary Kobinger. Doing the same for 

hundreds of people in Africa is virtually im-

possible, he says. Getting informed consent 

would be a huge challenge. And no drug 

or vaccine is going to work once patients 

are very ill, says Ebola researcher Thomas 

Geisbert of the University of Texas Medical 

Branch in Galveston; if patients seek care 

too late, that could create the mistaken im-

pression that the interventions are useless. 

“If something goes wrong this could be a di-

saster,” Feldmann says. “So we have to work 

hard and come up with a really good plan 

for the next outbreak.” ■

Holes in one of Curiosity’s 

0.75-mm-thick wheels.
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By Jocelyn Kaiser

F
und people, not projects. That’s long 

been the philosophy of the largest 

private, nonprofit U.S. biomedical re-

search funder, the Howard Hughes 

Medical Institute 

(HHMI), but the 

$30 billion U.S. National 

Institutes of Health (NIH) 

has remained a bastion of 

project-based grants. Now, 

in a major shift, some NIH 

institutes propose to move 

large chunks of money 

away from project grants 

into this type of no-strings 

support, which is based 

not on a specific research 

plan but on an investiga-

tor’s promise.

The most far-reaching 

proposal comes from 

NIH’s basic research institute, the Na-

tional Institute of General Medical Sciences 

(NIGMS). It is seeking feedback from the 

research community on the idea of giving 

all its roughly 3300 investigators the op-

tion of applying to swap 

their project grants for a 

single, long-term award 

based largely on their 

track record. “This is po-

tentially for the entire 

constellation of investiga-

tors that NIGMS funds,” 

says NIGMS Director Jon 

Lorsch. But he and oth-

ers agree that such an ap-

proach should be phased 

in with care to avoid shut-

ting out some scientists. 

HHMI adopted the 

people-not-projects model 

decades ago, reasoning 

that long-term support 

not tied to a specific idea 

unleashes creativity and 

frees scientists from writ-

ing endless grant pro-

posals. It now supports 

about 320 investigators 

at institutions around the country with 

5-year awards totaling $1 million a year. 

Inspired by that example, in 2004 the NIH 

director’s office launched its Pioneer Award, 

which now funds 70 investigators doing 

high-risk, high-reward research. The experi-

ment seems to be working: 

Pioneer Awards produced 

more innovative and higher 

impact results, concluded a 

2012 study commissioned 

by NIH that compared the 

grants with a matched set of 

NIH’s standard R01 project-

based grants (see table). 

NIH is now encouraging 

its 27 institutes and centers 

to launch their own people 

awards. The objective is to 

“unbridle scientists a bit,” 

allowing them to “step off 

the grant treadmill,” says 

Sally Rockey, NIH’s deputy 

director for extramural research. 

Furthest along is the National Cancer In-

stitute (NCI), which last month announced 

a new 7-year award, championed by Direc-

tor Harold Varmus: a people grant of up 
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Curiosity’s chassis, pinned to a pivot—can 

spin around continuously, accumulating 

damage. An initial test suggested that the 

wheels would still work after 25 kilometers 

of rough terrain, even though some of the 

zigzagging grousers, or treads, will probably 

break. With about 8.5 kilometers under the 

rover’s belt, Erickson says he is confident 

that the mission is more likely to be limited 

by the radioisotope power generator, which 

has a decade of power left, than by broken 

wheels.

Last week, engineers embarked on a new 

racetrack test, one meant to simulate the ef-

fects of continuous cap rock terrain. Under 

the heat of the midday sun, Michael Newby, 

a mechanical engineering graduate student 

from California State University, North-

ridge, toiled by a rock pile. With a tape mea-

sure, he sorted sharp quartzite rocks into 

two piles of different sizes. They would later 

be glued to plywood and placed in the race-

track. “We’re trying to make it look as natu-

ral and random as possible,” Newby says. 

In any case, the worst of the cap rock 

terrain may be in the rearview mirror. The 

rover is nearing the end of a 200-meter 

stretch of sharp-rock terrain and will soon 

return to the safety of the sandy valleys. Just 

one more bad stretch remains in the 3.4 kilo-

meters to Murray Buttes, the gateway to the 

base of the mountain. And Arvidson points 

out that there may be a silver lining to the 

wheel damage: The tears and perforations 

might actually act as extra cleats during all 

the sandy travel ahead. “It might actually 

improve your traction,” he says.  ■

NIH institute considers broad 
shift to ‘people’ awards
Approach promises freedom from grant writing but could 
favor established researchers
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Jon Lorsch is targeting “regular 

outstanding researchers.”
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By Dennis Normile

A
s scientists and public health offi-

cials mull over the puzzling results of 

the first large efficacy trial of a vac-

cine for dengue, one thing is clear: 

“There are complexities we’ve never 

seen in any other vaccines,” says 

Annelies Wilder-Smith, a public health spe-

cialist at Nanyang Technological University 

(NTU) in Singapore. 

The vaccine, the fruit of decades of pub-

lic and private sector efforts, reduced the 

incidence of the mosquito-borne disease 

overall by 56.5% and, perhaps more signifi-

cant, cut cases of dengue hemorrhagic fe-

ver, a severe form of the disease, by 88.5%. 

But the vaccine provided only limited pro-

tection against dengue 2, one of the four 

serotypes of the virus, and, mysteriously, 

it worked best in people who had already 

recovered from one dengue infection and 

among older children.

Reported online on 11 July in The Lancet, 

these results will likely leave public health 

officials in dengue-endemic countries grap-

pling with whether to include the Sanofi 

Pasteur vaccine in national immunization 

programs. Its cost, the logistics of deliver-

ing three doses over the course of a year, 

and its limited efficacy in regions where 

the dengue 2 serotype predominates must 

all be considered. And because the vaccine 

works best in preventing second infections, 

its value in subtropical nations where den-

gue is not yet firmly entrenched is even 

more questionable. Joachim Hombach, se-

nior adviser to the World Health Organiza-

tion (WHO) on immunization and vaccines 

in Geneva, Switzerland, says the results can 

“clearly translate” into public health ben-

efits. But each country will have to care-

fully study the costs, risks, and benefits in 

light of its own epidemiological situation, 

he adds. 

No one ever thought developing a vac-

cine for a disease as complicated and poorly 

understood as dengue would be easy. The 

four virus serotypes, all spread by the Ae-

des aegypti mosquito, are found through-

out the tropics, but one strain or another 

often predominates in different regions 

and at different times. A first infection with 

any of the serotypes typically causes a mild 

fever, rash, and muscle and joint pain. Pa-

tients then have lifelong immunity to that 

serotype. But infection with a second sero-

type raises the risk of a little-understood 

phenomenon called antibody-dependent 

enhancement, which can cause dengue 

to $600,000 a year (plus another 50% for 

overhead costs) that will replace an inves-

tigator’s project-based grants. (NIH’s aver-

age R01 covers $282,000 a year in direct 

costs for 4.3 years.) NCI expects that if it 

adds 50 of these Outstanding Investigator 

Awards a year for 7 years, the program will 

total $317 million a year, or about 16% of 

the $2 billion that NCI now spends on re-

search grants. 

At NIGMS, a people award would replace 

a standard NIGMS project grant, offering 

$150,000 to $750,000 a year in direct fund-

ing for 5 years. But Lorsch says that un-

like NCI and HHMI awards, the so-called 

Maximizing Investigators’ Research Award 

his institute plans to pilot-test would be 

intended not just for high-risk research or 

for “a perceived elite,” but also for “regular 

outstanding researchers.” 

Several other NIH institutes are also 

planning people awards, Rockey says. But 

other funders’ experiences could make 

them cautious. For example, NIH Direc-

tor Francis Collins noted in a meeting ear-

lier this month that the United Kingdom’s 

Wellcome Trust, which 3 years ago shifted 

roughly $180 million in annual project 

grant funding to people awards (Science, 

13 November 2009, p. 921), is now “re-

thinking” the program. Collins says Well-

come officials are concerned about the 

“graying” of its investigators—one risk of 

basing awards on reputation. Asked for 

comment, a Wellcome Trust representative 

pointed to a blog post last week from Di-

rector Jeremy Farrar saying that he plans 

to increase opportunities for early- and 

mid-career investigators. 

Lorsch says NIGMS will give early-stage 

investigators a boost by judging them 

through a separate review process that will 

examine their graduate and postdoctoral 

records; the institute may also set targets 

to make sure enough young investigators 

are funded. But Rockey raises another con-

cern: As an institute funds more long-term 

awards, the amount of money that turns 

over each year will go down, which could 

mean fewer awards overall. Institutes will 

“need to balance their portfolios,” she says.

Howard Garrison, deputy executive di-

rector for policy at the Federation of Amer-

ican Societies for Experimental Biology in 

Bethesda, Maryland, said his group’s mem-

bers are still discussing NIH’s plans. “I 

suspect that views will be mixed,” he says, 

citing “concern about how funding ‘people 

instead of projects’ will affect younger 

scientists.” But he adds: “More and more 

people are frustrated by the continuous 

struggle for funding, and there is a grow-

ing acceptance of the idea that we need to 

do something different.” ■
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Dengue vaccine trial poses 
public health quandary
Experimental vaccine fell short against key strain

TROPICAL DISEASES
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A pediatric trial 

of a dengue vaccine 

produced mixed results.
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hemorrhagic fever, with debilitating fa-

tigue, internal bleeding, and occasionally 

death. WHO puts the annual death toll at 

20,000. But the costs of caring for the esti-

mated 500,000 patients with severe dengue 

yearly “represents an enormous strain to 

society, to the economy, to the health care 

system, and may drive households into pov-

erty,” Hombach says. 

The burden has been steadily growing 

along with the global move to cities, where 

flowerpots, discarded tires, and construc-

tion site puddles create breeding sites for 

the opportunistic mosquito. Before 1970, 

only nine countries had experienced se-

vere dengue epidemics; now the disease is 

endemic in more than 100 countries, and 

epidemics have increased in frequency and 

severity. “Most public health officials in 

Southeast Asia will tell you that dengue is 

their biggest concern,” says Duane Gubler, 

a dengue expert at the Duke-NUS Graduate 

Medical School in Singapore. There are no 

dengue medications.  

Efforts to develop a vaccine stretch back 

to the 1940s. From the 

outset, researchers be-

lieved that to avoid en-

hancement a dengue 

vaccine would have to 

be tetravalent, provid-

ing balanced protection 

against all four sero-

types. This has proved 

challenging. Among the 

pioneers was a group 

at Mahidol University 

in Bangkok that tried 

to create a live attenu-

ated vaccine by pas-

saging all four virus 

serotypes in culture 

until weakened ones 

emerged. Sanofi Pasteur 

partnered with Mahidol 

to work on the vaccine 

in the mid-1990s but 

abandoned the effort in 

2004 when it could not properly attenuate 

one serotype. The company then switched 

strategies, using a proven yellow fever live 

attenuated vaccine as a backbone on which 

to insert the genes for the envelope and 

membrane proteins from each of the sero-

types. The four resulting chimeric vaccines 

were tested for safety individually and then 

combined to create the current candidate 

and tested further. A standard in vitro assay 

used to predict immunity, called the plaque 

reduction neutralization test (PRNT), sug-

gested the vaccine would provide roughly 

equal protection against all four serotypes.

But in September 2012, discouraging 

news came from a small phase IIb trial 

in Thailand: In spite of the PRNT results, 

the tetravalent vaccine provided almost no 

protection against the dengue 2 virus. By 

then, Sanofi Pasteur had already launched 

two large, randomized, double-blind phase 

III trials: the one just reported, involving 

more than 10,000 children in five South-

east Asian countries, and another involving 

more than 20,000 subjects in five countries 

in Latin America. Results of the second 

trial will be announced later this year.

In the current trial, efficacies for the four 

serotypes range from 75% or better against 

serotypes 3 and 4 down to just 35% for 

sero type 2. The variation is unsettling news 

for other groups developing dengue vac-

cines, most of which have shown some evi-

dence of weakness to one of the serotypes. 

All are using PRNT to guide their work—a 

strategy that is now in question. “Positive 

findings on PRNT are a poor surrogate of 

immunity,” says Eng Eong Ooi, a dengue 

researcher at Duke-NUS. Researchers are 

working on more accurate tests, but none 

is ready for use yet, he says.  

Another mystery is 

why the Sanofi Pasteur 

vaccine was more ef-

fective in people who 

had already been ex-

posed to dengue. That 

finding means that “for 

dengue-naive travelers 

this vaccine is of little 

use,” says NTU’s Wilder-

Smith. Gubler thinks it 

will still be of value in 

dengue-endemic coun-

tries, “because most 

persons in those coun-

tries have already ex-

perienced at least one 

dengue infection” and 

could be protected from 

severe disease.

Sanofi Pasteur ex-

pects the vaccine to 

“have a real impact on 

this disease,” says Guillaume Leroy, head 

of the company’s dengue program in Lyon, 

France, and is aggressively moving forward. 

The company built a $400 million facility 

in Neuville-sur-Saône, France, capable of 

producing 100 million doses of its vaccine 

per year. But the company is putting off a 

decision on pricing until after the results of 

the second efficacy trial are available later 

this year. 

Endemic countries will then be faced 

with a difficult decision on whether to use 

a partially effective vaccine or wait for other 

dengue vaccines in the pipeline. Says Wilder-

Smith: “It will be very interesting to see how 

countries react to this possible vaccine.” ■
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Oil sands fight 
heats up in U.S.
Environmentalists oppose 
federal lease in Utah

ENERGY POLICY

By David Malakoff

T
he battle over oil sands is moving 

to U.S. soil. Soon, the U.S. Bureau of 

Land Management (BLM) plans to 

offer private firms the chance to ex-

ploit tar-soaked sandstones beneath 

8.5 square kilometers of federal land 

on Asphalt Ridge, a sagebrush-speckled out-

crop near the small town of Vernal, Utah. If 

successful, the lease sale would open a new 

frontier in U.S. energy production, easing 

industry access to land in Utah that could 

hold up to 19 billion barrels of oil; that’s in 

addition to the nation’s roughly 30 billion 

barrels of conventional oil reserves.

The prospect of developing Utah’s vast, 

untapped deposits alarms environmental-

ists and conservation scientists, who point 

to Canada’s burgeoning oil sands operations 

to argue that extraction takes an unaccept-

able toll on land, water, and global climate. 

A coalition of environmental groups is vow-

ing to challenge the Asphalt Ridge lease 

and other similar sales. “Tar sands leasing 

on federal lands is absolutely the wrong 

policy if you are serious about preventing 

the worst effects of climate change,” says 

Taylor McKinnon, director of energy at the 

Grand Canyon Trust in Flagstaff, Arizona. 

“The greenhouse emissions and environ-

mental impacts will be enormous.”

2.5 billion people
live in dengue-endemic countries 

(more than 40% of the world’s population)

50–100 million 
dengue infections

occur worldwide each year

500,000 people
with severe dengue

require hospitalization each year

2.5%
of people with 

severe dengue die

Source: World Health Organization
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Asphalt Ridge, its dusty slopes abutted 

by industrial sites and housing subdivi-

sions, seems an unlikely place to wage 

an environmental battle. “It’s the kind of 

place where the local high school kids like 

to go at night to party,” McKinnon says. But 

since the 1800s, petroleum geologists have 

known that the thick sedimentary forma-

tions beneath eastern Utah’s Uinta Basin, 

where Asphalt Ridge is located, are rich in 

tar sands (also called oil sands)—porous 

rock laden with bitumen, a heavy viscous 

oil. The majority of U.S. tar sands are in 

Utah, mostly under land owned by BLM 

and other federal agencies. Asphalt Ridge 

alone could hold a billion barrels.

Oil prices have historically been too low 

to justify the expense of extracting the oil, 

which typically requires digging up the 

rock and heating it or treating it with sol-

vents. And unlike the Canadian tar sands, 

which sit relatively close to the surface, the 

Utah deposits can be 300 meters down and 

require potentially expensive tunneling. 

Still, in 2005, as energy prices rose, en-

ergy firms persuaded Congress to require 

BLM and other U.S. agencies to establish 

a plan for developing tar sands on federal 

lands. Under President George W. Bush, 

the agencies initially proposed selling tar 

sands leases on some 174,000 hectares of 

federal land, but the Obama administra-

tion reduced the area to 53,000 hectares 

in Utah after court challenges by environ-

mental groups.

Critics say that’s still too much. It typi-

cally takes 2 tons of tar sands to produce 

a single barrel of oil, they note, meaning 

mines and waste piles can chew up habi-

tat used by rare or threatened plants and 

animals. Two or more liters of water are 

often needed to extract each liter of oil, 

potentially producing copious amounts of 

contaminated wastewater. That’s a major 

concern at Asphalt Ridge, researchers say, 

where water is scarce and contaminated 

runoff could ultimately flow into streams 

and rivers holding endangered fish. Ex-

traction can also produce air pollutants. 

BLM didn’t do enough to analyze those is-

sues, the groups argue; nor did it consider 

how tar sands projects on federal lands 

would add to the impacts associated with 

a handful of similar projects under way on 

Utah’s state and private property. 

The Obama administration also ne-

glected to tally up the expected greenhouse 

gas emissions from extraction, environ-

mentalists add, which can be four times 

greater than conventional oil drilling be-

cause of the energy required for process-

ing. “That’s a big contradiction,” McKinnon 

says, given the administration’s simulta-

neous vow to curb emissions from other 

sources, such as coal-fired power plants. 

The groups want BLM to do a more com-

plete analysis before approving any leases.

BLM officials challenge that critique, 

saying the agency will closely scrutinize 

such issues once companies present spe-

cific plans for extracting oil. “We won’t re-

ally know exactly what we are up against 

until we get a mine plan,” says Kent 

Hoffman, deputy state director of lands 

and minerals at BLM’s Utah office in Salt 

Lake City. The agency’s initial assessment 

“is not the end of the journey,” adds Megan 

Crandall, the office’s chief of external af-

fairs, noting that the Asphalt Ridge leasing 

process “is being watched very closely” by 

both environmentalists and industry.

The argument is likely to be settled in 

court—and the outcome could determine 

whether the nascent U.S. oil sands indus-

try soon gains easier access to some of 

the richest deposits on federal lands, or 

instead gets stuck in a legal and political 

tar pit. ■

SCIENCE   sciencemag.org

Utah’s Asphalt Ridge (foreground) 

is the scene of a sticky fight over 

oil sands mining.
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S
omething strange is happening 

in the world of fusion energy re-

search. There’s been an outbreak 

of entrepreneurship, maverick in-

dependence, and pioneering spirit. 

In a field that has come to epito-

mize the worst of “big science”—

slow, overpriced, and heavily 

engineered—some people are fi-

nally saying “enough is enough” and striking 

out on their own to find another way.

In unassuming industrial units across 

North America, Europe, and elsewhere, 

small teams of scientists and engineers sup-

ported by either private finance or a mix of 

government and private funds are working 

out novel approaches to fusion. They’re not 

just doing research: They’re aiming to build 

financially viable power reactors simpler 

and cheaper than anything envisaged by 

publicly funded efforts, and they’re hoping 

to do it a whole lot faster.

So why is this happening? And why now? 

In the more than 6 decades that research-

ers have been trying to replicate the sun’s 

source of heat—fusing together atoms to 

release the energy locked in their nuclei—

reactors have grown from tabletop gadgets 

to multibillion-dollar behemoths. ITER, the 

multinational facility aiming to show net 

energy gain for the first time, will weigh 

in at 23,000 tonnes when complete—three 

times the weight of the Eiffel Tower—and 

will cost about $20 billion. The National Ig-

nition Facility (NIF), which uses a different 

fusion technology, cost $3.5 billion to build.

ITER and NIF are the current torch-

bearers in the effort to show that a reactor 

can produce more energy than it consumes. 

That’s a big ask because fusion reactions 

take a lot of energy to get going: The fuel 

has to be heated to and held at more than 

150 million degrees Celsius. In theory, once 

the reaction gets started it will heat itself, 

but no one has come close to achieving that 

yet. NIF was meant to have produced such 

an “ignited” fusion burn several years ago, 

but it is still far from that goal. ITER isn’t 

due to start doing burning experiments un-

til after 2027.

Meanwhile, the huge cost of constructing 

these facilities has choked off funds for inde-

pendent fusion programs. Some researchers 

argue this outcome was inevitable because, 

in technological terms, ITER and NIF take 

fusion to extremes. ITER aims to bottle up 

a tenuous burning plasma in magnetic fields 

for as long as possible; NIF’s strategy is to 

blast fusion fuel with giant lasers, crushing 

it to as high a density as possible. Reaching 

those extremes requires complex technology, 

high cost, and large size.

By Daniel Clery

FEATURES

Startups with novel technologies are 
taking on fusion’s Goliaths

PIONEERS

F U S I O N ’ S 

RESTLESS 

General Fusion’ s machine 

compresses fuel with 

giant pistons.
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The dark-horse approaches to fusion, by 
contrast, steer a middle course between the 
extremes. Although scientifically plausible, 
unlike the notorious cold fusion, they have 
enjoyed relatively little time and funding.

But fusion is a complicated business, in-
volving high-energy particles and colossal 
temperatures and pressures. To get any-
where, you need sophisticated diagnostics, 
advanced materials, complex computer 
simulation—no? Who would be crazy enough 
to go out and try to build a fusion reactor?

THE STEAMPUNK SOLUTION Michel 
Laberge was bored. In 2001, he was ap-
proaching 40 and for the past 10 years had 
been designing laser printers for the Cana-
dian company Creo (now part of Eastman 
Kodak Co.), learning “to make machines 
fast and cheap.” It was time to do some-
thing more with his life. He had spent the 
earlier part of his career studying lasers 
and their potential for sparking fusion at 
the University of British Columbia, France’s 
École Polytechnique, and Canada’s National 
Research Council in Ottawa. He knew what 
a successful fusion reactor could do for the 
planet. So he cashed in his Creo shares, quit 
his job, and set out to build one.

Scanning the literature, Laberge came 
across a 1970s program at the Naval Re-
search Laboratory in Washington, D.C., 
called LINUS—an early attempt at so-called 
magnetized target fusion. The LINUS 
scheme aimed to take fusion fuel, form it 
into a magnetized ball of plasma, and fire 
it into a shell of liquid metal, created by 
putting the metal inside a cylindrical con-
tainer and spinning it to force the liquid up 
the walls. Once the shell and plasma were 
in place, pneumatic pistons would slam into 
the shell, compressing it and imploding the 
plasma, boosting its density and tempera-
ture. LINUS was closed down in 1980, but 
Laberge thought it was a great scheme for a 
power plant. LINUS failed, he says, because 
1970s technology wasn’t up to the job. “You 
need to accelerate the pistons, delivering en-
ergy very fast, faster than the lifetime of the 
plasma,” he says.

Laberge persuaded a few former col-
leagues from Creo to invest and, with a 
small Canadian government grant, built 
a tabletop device that simulated the ef-
fect of pistons with electric pulses. This 
was enough to produce a few neutrons—
Laberge calls them his “marketing neu-
trons,” because neutrons are a sign that 
fusion reactions are taking place. Then 
he was off, gathering funds from govern-
ment and investors and recruiting staff. 
In 2002, Laberge and his partners formed 
General Fusion, which now has a staff of 
more than 60. Since 2009, they have raised 

CA$62 million, 80% from private sources 
that include the oil company Cenovus En-
ergy and the investment company of Ama-
zon.com founder Jeff Bezos.

With that money, they built a machine 
that looks like something straight out of 
steampunk, a sort of giant robot sea urchin. 
Around a meter-wide spherical steel reac-
tion chamber are 14 pneumatically driven 
pistons the size of cannons jutting in all 
directions. How it works sounds positively 
apocalyptic. First, the researchers swirl mol-
ten lead around the walls of the chamber, 
creating a vortex with a void in the center; 

into the void they fire a “compact toroid” 
of fusion fuel—essentially a smoke ring of 
plasma. Then the pistons come hammering 
down at 50 meters per second and slam into 
plugs in the wall of the chamber, sending 
a shock wave through the lead. The shock 
wave crushes the fuel to huge temperature 
and pressure and—bang!—a small fusion ex-
plosion takes place (in theory).

The current setup won’t achieve fusion; 
it’s just to validate the compression system. 
“We’re testing seals, pumping, creating shock 
waves—getting to know the technology,” 
Laberge says. Elsewhere at their headquar-
ters in a light industrial park in Burnaby, 

Canada, researchers are working on the in-
jector, the plasma gun that will form the balls 
of fuel and shoot them into the compressor.

As in all such endeavors, they’ve had 
their share of problems: Pistons cracked; 
shock waves caused the liner to spit out 
droplets of lead; and the plasma cooled too 
quickly or its density was too low. But the 
team plans to continue working on the sep-
arate elements for another couple of years 
until they have enough data to predict what 
it will take to reach breakeven: the point at 
which the device puts out as much energy 
as the pistons put in. 

At the moment, they expect that will re-
quire a monster version of their current 
setup, with a reaction chamber three times 
as big, up to 400 pistons hammering its 
surface, and possibly two opposing plasma 
injectors firing compact toroids that collide 
and merge before compression. And that 
means a whole new level of funding. “We’re 
visiting investors, building relationships, 
getting ready to raise capital,” says Michael 
Delage, General Fusion’s vice president of 
strategy and corporate development. Con-
vincing people that the technology is vi-
able can take work. “It takes more than one 
meeting,” Delage says.

Fusion’s middle way 

Fusion devices take hot fuel (an ionized gas, or plasma) and squeeze its particles together long 

enough for nuclei to fuse. Big mainstream projects do that by means of extremely high densities 

or long confnement times. Smaller private pioneers hope that avoiding such extremes will yield 

smaller, simpler, cheaper fusion machines. Two promising approaches:

Magnetized target fusion (MTF) devices frst 

confne the plasma with a magnetic feld (as in 

magnetic fusion) and then crush it (as in 

inertial fusion). The crushing increases density 

and temperature and boosts the magnetic 

feld, lengthening confnement time. Most MTF 

schemes create “compact toroids,” or smoke 

rings of plasma. Electric currents in the plasma 

create magnetic felds that confne it for a few 

microseconds while “plasma guns” fre it into a 

crushing device.

Magnetized target fusion

A polywell uses electric felds to accelerate fuel 

nuclei so that they collide and fuse. Typically, six 

ring-shaped electromagnets arranged in a cube 

create a magnetic particle trap. Electrons fred 

into the center stay there and exert a strong 

electric feld that slams fuel nuclei together. The 

problem is that polywells are leaky: Plasma can 

escape through gaps in the magnetic feld and 

through the centers of the rings.

Polywell
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THE SPACEMAN Eric Lerner is an unlikely 

fusion scientist. He dropped out of a postgrad 

physics course and became a successful sci-

ence writer. In 1991, he published the contro-

versial book The Big Bang Never Happened, 

which depicted an eternal universe domi-

nated not by gravity and quantum mechanics 

but by plasma physics—a model mainstream 

cosmologists consider unworkable.

By then, Lerner had already started do-

ing independent research into fusion de-

vices and had latched on to one called a 

dense plasma focus (DPF), invented in Rus-

sia in the 1950s. DPF creates a compact to-

roid of fusion fuel and then compresses it 

to tiny size with an electromagnetic effect 

known as a pinch. After 10 years of research, 

Lerner won funding from NASA’s Jet Propul-

sion Laboratory to investigate whether DPF 

could be used for spacecraft propulsion. 

Seven years later, after spending $300,000, 

NASA killed the project and Lerner started 

looking for private sponsors.

A f t e r a n o t h e r 7 y e a r s , h e ’ d r a i s e d 

$1.2 million, enough to build his own re-

search facility in Middlesex, New Jersey, 

under the name Lawrenceville Plasma Phys-

ics (LPP). This hand-to-mouth existence has 

continued: Lerner raised another $2 million 

over the past 5 years from 60 different inves-

tors to continue the work. “Compared with 

other [private fusion] efforts, we’re the most 

technologically advanced but the least well 

funded,” he says.

General Fusion’s thumping pneumatic 

monster makes Lerner’s device look like 

a toy. The heart of the machine is two 

cylindrical electrodes, one inside the other. 

The outer electrode—a set of parallel bars 

arranged in a ring—is just 18 centimeters 

across, and the entire device is enclosed 

in a vessel filled with a diffuse gas. A huge 

electric pulse is discharged from the outer 

to the inner electrode, creating a doughnut-

shaped sheath of plasma that escapes into 

the vessel. Then the magnetic field caused 

by the current pinches the doughnut down 

into a tiny, dense ball of plasma.

The collapsing magnetic field induces 

an electric field, which drives a beam of 

electrons through the plasma, heating it 

to a temperature of billions of degrees. 

If everything goes according to plan, the 

ball of plasma—which lasts for only 10 bil-

lionths of a second—will get hot and dense 

enough for fusion to occur.

Lerner says that the device can achieve 

the necessary temperatures but so far falls 

short of the needed density of particles. 

The problem is copper atoms evaporating 

off the electrodes and polluting the plasma. 

At the time of writing, LPP had just taken 

receipt of a new set of tungsten electrodes 

and completed a crowdfunding campaign to 

help pay for the $200,000 cost. “I’m pretty 

convinced that the electrodes will radically 

reduce impurities and increase density by 

100 times,” Lerner says.

The LPP team will experi-

ment with the new electrodes 

until the end of this year and 

then, if everything looks good, 

will change over from deute-

rium fuel to a mixture of hy-

drogen and boron-11. This fuel 

is harder to react but does not 

produce high-energy neutrons, 

which damage the reactor 

and make it radioactive. If he 

can raise another $1 million, 

Lerner believes he can demon-

strate net energy gain by the 

middle of 2015. “We’re very far 

along compared with the oth-

ers,” Lerner says. “Tri Alpha is 

three orders of magnitude be-

hind.” Tri who?

ENIGMA MACHINE Tri Alpha 

Energy is the team to beat 

in privately financed fusion, 

mainly because it has a huge 

cash pile: hundreds of millions 

of dollars. “Tri Alpha is singu-

lar in the history of fusion as 

the only time that amount of 

money has been invested in 

a private effort,” says Stewart 

Prager, director of Princeton Plasma Physics 

Laboratory in New Jersey, America’s fore-

most fusion facility.

The company shrouds itself in mystery. It 

has no website and makes no public state-

ments. What details are known about its 

work come from occasional papers in jour-

nals or appearances by its staff at confer-

ences. Company managers declined to be 

interviewed for this article, explaining that 

they had no need at the moment to publi-

cize their efforts.

Tri Alpha is the brainchild of Norman 

Rostoker, a Canadian plasma physicist 

who has worked at Cornell University and 

the company General Atomics, and is now 

a professor emeritus at the University of 

California, Irvine. In 1997, Rostoker, who 

will turn 89 in August, and two colleagues 

published a paper in Science describing the 

“Colliding Beam Fusion Reactor” (Science, 

21 November 1997, p. 1419). They founded 

Tri Alpha Energy, based in Foothill Ranch, 

California, the following year.

T h e c o m p a n y n o w h a s m o r e t h a n 

150 employees, and investment has come 

from the likes of Goldman Sachs, Microsoft 

co-founder Paul Allen, and other venture 

capitalists. It also has strong connections 

with Russian researchers, and the promi-

nent Russian politician and businessman 

Anatoly Chubais is on its board of direc-

tors. Much of Tri Alpha’s ample funding is 

rumored to come from Russian oligarchs.

Eric Lerner stares into electrodes at the heart of LPP’s dense plasma focus device.
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Rostoker’s colliding beam reactor works 

by creating two compact toroids and then 

accelerating them at the supersonic speed 

of 250 kilometers per second into a head-

on collision. The toroids merge into a 

toroid known as a field-reversed configura-

tion (FRC), converting their kinetic energy 

into heat. Extra heating is provided by ion 

beams. The Tri Alpha team has also devel-

oped tricks to lengthen the lifetime of the 

FRC, reporting lifetimes of up to 4 milli-

seconds in a 2012 paper in Physical Review 

Letters. Unlike Tri Alpha’s rivals, the device 

does not compress the plasma but instead 

relies on high temperature and long con-

finement to spark fusion. 

Tri Alpha’s current machine, called the C-2, 

is the length of a tennis court, according to 

Glen Wurden, magnetized plasma team 

leader in the Plasma Physics Group 

at Los Alamos National Laboratory 

(LANL) in New Mexico, who has 

visited the facility. “It’s a very 

beautiful machine,” he says.  

THE VISIONARY Robert 

Bussard started his career 

at LANL designing nuclear-

powered rocket engines, in-

cluding the Bussard ramjet, 

which uses a magnetic field 

to scoop up interstellar hydro-

gen to fuel its fusion engine. His 

ramjet is a common propulsion 

system in science fiction novels, if 

not in real spacecraft. Later, he joined 

forces with Bruno Coppi, a fusion re-

searcher from the Massachusetts Institute 

of Technology, to develop a novel fusion reac-

tor they called the Riggatron—after the Riggs 

National Bank, an early backer. Their biggest 

supporter was Bob Guccione, the flamboyant 

publisher of magazines including Penthouse 

and Omni. But just as they were planning 

a public flotation, Guccione balked and the 

project collapsed.

Bussard quickly recovered from that set-

back and by the mid-1980s had come up with 

another promising fusion design: the poly-

well. The polywell is a refinement of another 

device known as a fusor, perhaps the sim-

plest of fusion reactor designs. A fusor has 

two usually spherical electrodes made of wire 

mesh, one inside the other. When the setup 

is placed in a vacuum chamber filled with fu-

sion fuel and a large voltage is applied across 

the electrodes, the electric field accelerates 

ions inward, toward the inner mesh. In the-

ory, the ions fly right through the holes and 

continue on to the center where they collide 

with other ions and fuse. The problem is that 

too many ions hit the inner electrode and are 

absorbed, cutting the device’s efficiency and 

putting ignition out of reach.

Bussard’s idea was to replace the inner 

electrode with something that was harder 

to hit: a virtual electrode. The polywell is 

made up of a number of ring-shaped electro-

magnets, usually arranged to form a cube. 

When current is passed through the mag-

nets, they create a field that has a null point 

in the center of the cube, which traps any 

charged particles. An electron gun fires 

electrons through the middle of the rings 

and they become trapped by the field. Once 

enough are in place, the electrons act as an 

electrode, exerting a strong pull on posi-

tive ions. Atoms of fuel are puffed in at the 

corners, become ionized, accelerate into the 

center, and, with luck, collide with other 

ions and fuse.

Bussard set up the Energy/Matter Conver-

sion Corp. (EMC2) in 1985 to research poly-

wells. He won funding from the Department 

of Defense and later from the U.S. Navy. But 

Jaeyoung Park, who now leads EMC2, says 

Bussard was “conceptually very good, but not 

an experimentalist.” In 2005, the Navy cut the 

company’s funding, and Bussard embarked 

on a publicity campaign, highlighted by a 

talk at Google headquarters titled “Should 

Google Go Nuclear?” 

In August 2007, the Navy restored its fund-

ing with $1.8 million and a new team was as-

sembled at EMC2, including Richard Nebel 

and Park, both on leave from LANL. Then, in 

October, Bussard died of multiple myeloma 

at the age of 79. Nebel and Park were left, so 

to speak, holding the baby. 

The polywell’s big problem is confinement: 

Particles leak out through gaps in the mag-

netic field. In experiments carried out last 

October, EMC2 used improved electron guns 

to build up a high pressure of electrons in the 

center and showed that confinement was sig-

nificantly improved. “We’ve taken a big step 

forward,” Park says. “We were behind Tri Al-

pha, now we’re competing directly.”

Despite this success, the Navy told EMC2 

that it would be stopping its funding later 

this year. So Park is back on the money trail, 

seeking $30 million for a 3-year program to 

put polywell to the test.

 

SCALING UP  Which of the dark horses is in 

the lead? It’s hard to say. And there are other 

contenders: companies with projects rang-

ing from a compact version of a tokamak—

a mainstream fusion device—to muon-

catalyzed fusion, an exotic approach 

that relies on this heavy cousin of the 

electron to drag pairs of nuclei close 

enough together to fuse. Most have 

produced promising laboratory-

scale devices; all have persuaded 

some venture capital companies 

and wealthy individuals that 

their investments could, one day, 

spawn an immensely lucrative 

industry.

Mainstream fusion scientists 

have mixed opinions of the break-

away efforts. “The center line is they 

are long shots,” Princeton’s Prager 

says. “It would be great if they succeed, 

but they’re overstating how quick and 

cheap their solutions are. There’s skepticism 

but not antagonism.” Brian Lloyd, head of 

the experimental department at the United 

Kingdom’s Culham Centre for Fusion Energy 

in Abingdon, notes that fusion reactors are 

complex devices with many interacting sub-

systems. “Even nations don’t go it alone,” he 

says. “It does seem implausible that a private 

enterprise could undertake that.”

The next stage—building a demonstra-

tion reactor that can get close to breakeven 

or even reach ignition—will require a whole 

new level of funding: not millions of dollars 

but hundreds of millions. But the startups 

are undaunted. “There are a lot of potential 

investors out there, a lot of wealthy individu-

als prepared to take on a big challenge,” says 

David Kingham, CEO of Tokamak Energy, a 

British venture working on a compact toka-

mak. “Private money can sometimes achieve 

things that public money can’t.”

Park thinks the chase inspires people. “It’s 

a fascinating subject, it makes people’s hearts 

beat quicker,” he says. But will any of these 

schemes work? “We will never know until 

someone really cracks it,” Park says. But he 

adds: “I like our chances.” ■
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Plasma glows in the core of Tokamak Energy’s 

compact machine.

Published by AAAS



376    25 JULY 2014 • VOL 345 ISSUE 6195 sciencemag.org  SCIENCE

Wildlife 
decline 
and social 
conflict
Policies aimed at reducing 
wildlife-related conflict 
must address the 
underlying causes

P
H
O
T
O
: 
L
IS
A
 K
R
IS
T
IN

E
/
L
IS
A
K
R
IS
T
IN

E
.C
O
M

           U
.S. President Obama’s recent cre-

ation of an interagency task force on 

wildlife trafficking reflects growing 

political awareness of linkages be-

tween wildlife conservation and na-

tional security ( 1). However, this and 

similar new initiatives in Europe and Asia 

promote a “war on poachers” that over-

looks the ecological, social, and 

economic complexity of wild-

life-related conflict. Input from 

multiple disciplines is essential to formu-

late policies that address drivers of wildlife 

decline and contexts from which associated 

conflicts ignite.

The harvest of wild animals from land 

and sea provides more than $400 billion 

annually, supports the livelihoods of 15% 

of the global population, and is the main 

source of animal protein for more than a 

billion of Earth’s poorest inhabitants ( 2,  3). 

Humans have always depended on wildlife, 

but the contemporary depletion of wildlife, 

combined with unprecedented market glo-

balization, has heightened the economic 

stakes and desperation of consumers. The 

consequences of wildlife declines are severe 

and include regional destabilization and 

the proliferation of terrorism.

Here, we illustrate how wildlife decline 

may give rise to exploitative labor practices, 

empower profiteering groups who use vio-

lence to control illicit wildlife trades, and 

promote vigilante resource management. 

We also describe cases where incorporating 

interdisciplinary perspectives has improved 

policy outcomes.

H U M A N T R A F F I C K I N G , O R G A N I Z E D 

CRIME, AND VIGILANTE GOVERNANCE. 

Wildlife declines often necessitate in-

creased labor to maintain yields. Harvest-

ers of wildlife resort to acquiring trafficked 

adults and children to capture ever-scarcer 

resources while minimizing production 

costs. A vicious cycle ensues, as resource 

depletion drives harvesters to increase their 

use of forced labor to stay competitive.

Human trafficking associated with declin-

ing fishery harvests is increasing across the 

globe, exposing connections between fishery 

decline, poverty, and human exploitation 

(see the chart and figure) ( 4). Many fishers 

must travel farther, endure harsher condi-

tions, search deeper, and fish for longer to 

obtain the types of harvests more readily 

available a generation ago ( 2). In Thailand, 

for example, Burmese, Cambodian, and Thai 

men are increasingly sold to fishing boats, 

where they may remain at sea for several 

years without pay, forced to work 18- to 20-

hour days ( 4). Starvation, physical abuse, 

and murder are common on these vessels.

Connections between wildlife depletion 

and labor injustice are not limited to fish-

eries. Terrestrial wildlife declines in West 

Africa have led to exploitative child labor 

practices ( 5). Communities that for thou-

sands of years met their dietary needs by 

hunting in neighboring forests must now 

travel for days to find prey. The region’s 

main source of animal protein, fish, has 

declined, increasing reliance on terrestrial 

wildlife ( 6). Cheap child labor enables hunt-

ers to extract wildlife from areas that would 

otherwise be too costly to harvest.

Wildlife-related conflict is not limited to 

labor injustice. Scarce wildlife species used 

By Justin S. Brashares 1 *, Briana Abrahms 1, 

Kathryn J. Fiorella 1, Christopher D. 

Golden 2, Cheryl E. Hojnowski 1, 
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Lauren Withey 1          
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as luxury goods can draw extraordinary 

prices. For example, high demand and re-

duced supply have contributed to record 

prices in elephant and rhino products, with 

ivory recently sold for $3000/kg and rhino 

horn fetching $60,000 to $100,000/kg ( 1,  7). 

As in the drug trade, such concentrations 

of value promote a cascade of social conse-

quences. Huge profits from trafficking luxury 

wildlife goods have attracted guerilla groups 

and crime syndicates worldwide. In Africa, 

the Janjaweed, Lord’s Resistance Army, al-

Shabab, and Boko Haram poach ivory and 

rhino horn to fund terrorist attacks ( 7).

Conservationists have lamented the en-

dangerment of species targeted by luxury 

trades. Yet disciplines beyond conserva-

tion biology—such as political science, eco-

nomics, and international law—must be 

integrated with ecological perspectives to 

understand and address feedbacks between 

wildlife depletion and organized crime ( 8).

Conflict resulting from wildlife scarcity 

is not always catalyzed by organized crime. 

When governments lack the political will 

or capacity to defend access to declining 

wildlife, local stakeholders may take the job 

into their own hands, sometimes resorting 

to violence. These vigilante defense actions 

often escalate into broader social unrest.

For example, lacking an effective cen-

tral government since 1991, Somalia’s coast 

guard ceased to defend the country’s ex-

clusive economic zone. As foreign fishing 

vessels proliferated in Somali waters, local 

fishers seized offending boats and demanded 

payment. As the number of foreign fishers 

increased, violence escalated ( 9). Dozens of 

boats are now ransomed annually by well-

armed pirates (many supported by foreign 

cartels), who long ago traded nets for heavy 

weaponry. Pirates have justified their actions 

as necessary to protect their sovereignty over 

offshore fishing grounds ( 9).

This path from resource defense to 

violent conflict, facilitated by weak gover-

nance, seems to be repeating itself in Benin, 

Senegal, and Nigeria, which are all witness-

ing increasing rates of piracy. In the words 

of a Senegalese fisherman, “in 10 years’ time 

people will go fishing with guns…. We will 

fight for fish at sea. If we cannot eat, what 

do you expect us to do?” ( 10).

TOWARD INTEGRATED POLICY. Initia-

tives like President Obama’s wildlife task 

force, the International Consortium on 

Combating Wildlife Crime, and the new UN 

Office on Drug and Crime anti–wildlife traf-

ficking program emphasize enforcement of 

antipoaching and antitrafficking laws. Such 

steps are useful but their reach is limited 

because they target outcomes rather than 

factors that underlie demand for wildlife. 

Combating trafficking should only be one 

part of integrative programs that consider 

ecological, socioeconomic, and institutional 

contexts in which wildlife conflict occurs 

(see the chart).

Several models already exist for such 

programs. At a global scale, the Intergov-

ernmental Panel on Climate Change has 

brought together academics, government 

practitioners, and seasoned policy-makers. 

The formation of a similarly inclusive and 

far-reaching problem-based working group 

is long overdue for addressing the global de-

cline of wildlife.

The Millennium Ecosystem Assessment 

provides a multidisciplinary platform on 

which such a working group could be built. 

The new United for Wildlife collaboration, 

led by the Duke of Cambridge, offers an or-

ganizational framework for integrating law 

Fish stock decreases

Demand for foreign fsh increases

Foreign exploitation of local fsh stock increases

Local exploitation for export increases

Fish catch per unit efort decreases Efort increases
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Global and local drivers. The growth of child slavery in fisheries provides an example of the complex linkages between wildlife decline and social conflict, as well as the multi-

disciplinary insights necessary to inform policy. In practice, interdisciplinary engagement cannot be easily parsed among simplistic categories, and many perspectives inform each 

step.  Policy action must integrate disciplines to address feedbacks among failing fish stocks, weak governance, uncertain resource tenure, and pressure from international demand.
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“wildlife decline may 
give rise to exploitative 
labor practices, empower 
profiteering groups who 
use violence to control 
illicit wildlife trades, and 
promote vigilante resource 
management.”
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          M
any human cognitive and neuro-

degenerative diseases are caused 

by alterations in the amounts of 

specific neuronal proteins, which 

are maintained at proper levels by 

regulation of their synthesis and 

turnover. For example, fragile X syndrome, 

a neurologic disease characterized by intel-

lectual impairment and many behavioral 

symptoms including autism ( 1), results 

from loss of fragile X mental retardation 

protein (FMRP). FMRP normally reduces 

the synthesis of synaptic and other pro-

teins ( 2). It achieves this by stalling ribo-

Ribosome rescue and 
neurodegeneration
A mutation in a brain-specific tRNA reveals the link 
between ribosome maintenance and neuronal cell death
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By Jennifer C. Darnell somes that are translating messenger RNA 

(mRNA) into protein. Aberrant protein 

synthesis that arises from the absence of 

FMRP is linked to neuron dysfunction. On 

page 455 of this issue, Ishimura et al. ( 3) re-

veal that loss of a protein that functions to 

release similar stalled ribosomes is linked 

to neuronal degeneration, but surprisingly, 

only in the presence of a second mutation 

in the protein synthesis machinery. This 

finding informs both critical translation 

mechanisms in the brain and the impact of 

modifying genes on disease symptoms. It 

thereby establishes a paradigm for under-

standing how a person’s genetic makeup af-

fects whether a specific mutation will lead 

to disease or be tolerated.

Ribosomes move along a strand of mRNA 

one codon at a time, decoding each group of 

three nucleotides into an amino acid that is 

added to a growing polypeptide chain. This 

decoding involves transfer RNA (tRNA) 

molecules that recognize a specific mRNA 

codon by base pairing through their “anti-

codon” loop. To mediate the translation of 

mRNA code into a protein, the tRNAs must 

be “charged” with the appropriate amino 

acid specified by the anticodon, a reaction 

catalyzed by very specific enzymes called 

tRNA synthetases. Neurodegeneration can 

result from mutation in the domain of a 

tRNA synthetase responsible for confirm-

ing the correct amino acid specified by the 

anticodon. Such mutations cause the in-

corporation of the wrong amino acids into 

neuronal proteins ( 4).

Ishimura et al. set out to identify the 

genomic mutation underlying a form of 

neurodegeneration. They discovered that 

neuronal death in mice resulted from a 

mutation that caused loss of the guanosine 

triphosphate–binding protein 2 (GTPBP2). 

GTPBP2 is similar to a class of proteins 

called ribosome release factors that free 

ribosomes from mRNA when they have 

stopped translating protein. Some of these 

release factors help terminate the newly 

synthesized protein when the ribosome 

reaches a codon instructing it to stop. Oth-

ers rescue stalled ribosomes that have en-

countered aberrant early stop codons ( 5), 

have reached the 3� end of mRNAs lacking 

a stop codon ( 6), or are stalled at codons 
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Isodecoder mutation. The predicted secondary 

structure of a brain-specific tRNA for arginine (in the 

mouse) is shown ( 3). The box indicates the mutation in 

the T-stem loop that is linked to neurodegeneration.

enforcement with biodiversity and liveli-

hood conservation. However, such global 

efforts will only be sustained if the policies 

they create are enacted with strong funding 

and unfaltering political engagement.

At local and regional scales, policies that 

strengthen resource tenure may address 

both causes and consequences of wildlife 

conflict. Local governments have headed off 

social tension created by uncertain resource 

tenure by giving fishers and hunters exclu-

sive rights to harvest grounds. Fiji’s fishery, 

structured around territorial use rights, of-

fers one example of effective management 

( 11). Locally controlled management zones 

in Namibia have also demonstrated the abil-

ity of proactive policies to reduce poaching, 

stem wildlife decline, and improve local 

livelihoods ( 12). Government willingness to 

allow stakeholders to retain the bulk of rev-

enues from harvests has been critical to the 

persistence of these programs.

Reducing or preventing wildlife conflict 

by strengthening local resource tenure has 

broad application but requires strong gover-

nance and an international commitment to 

recognize user rights. Organizations work-

ing to stem social conflict must address 

wildlife decline as a possible driver. Simi-

larly, policies aimed at addressing wildlife 

decline must consider the social context of 

wildlife use and the feedbacks between wild-

life scarcity and social conflict. Leadership 

must move beyond superficial reactions to 

elephant and rhino poaching and consider 

the complicated fate of the billions of people 

who rely on our planet’s rapidly disappear-

ing wildlife for food and income. ■
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Ribosome release. (A) Active translation by a ribosome scans mRNA to synthesize the corresponding protein. (B) This process stops if the ribosome cannot find tRNA bearing 

the appropriate anticodon. (C) The ribosome release factor GTPBP2 recruits another factor, pelota, to release the stalled ribosome. The unfinished protein is presumably degraded 

(perhaps by the proteasome). (D) The released ribosomal subunits can begin to synthesize a new protein.

lacking a matching, amino acid–charged 

tRNA. These latter forms of translational 

control can result in the degradation of the 

mRNAs associated with these aberrantly 

stalled ribosomes ( 7). Ishimura et al. show 

that GTPBP2 functions as a ribosome re-

lease factor in this protective pathway (see 

the second figure).

What Ishimura et al. then did is some-

thing often missing in similar studies—they 

tested whether the neurodegenerative ef-

fects of the GTPBP2 mutation were the 

same in the context of several different 

genetic backgrounds. Surprisingly, they 

found that loss of GTPBP2 only caused 

neuronal death in one particular genetic 

background of mice, the commonly used 

C57BL/6J strain. This suggested that this 

mutation was dependent on another gene 

for its effect. The authors set off on an ardu-

ous search for the second gene. They found 

it in a single nucleotide change in one of 

the tRNAs that decodes the codon AGA (A, 

adenine; G, guanine) (see the first figure), 

causing a marked decrease in its amounts. 

Remarkably, the authors found that expres-

sion of this particular tRNA—one of a set of 

five that all decode AGA as the amino acid 

arginine (“isodecoders”)—is brain specific. 

Using elegant ribosome profiling experi-

ments ( 8), Ishimura et al. generated a brain-

wide map of where ribosomes are stalled, 

revealing that the mutations may interfere 

with the brain’s ability to make proteins 

involved in carrying out translation itself, 

possibly leading to secondary effects on 

protein synthesis.

The impact of the work by Ishimura et 

al. can be felt on many levels. The authors 

have discovered a new ribosome release 

factor and by successfully identifying a 

modifying gene, have revealed much more 

about its function. Loss of GTPBP2 is only 

acutely felt when there is an increased need 

for it; this need is caused by excessive ri-

bosome stalling that results from limiting 

amounts of a single tRNA. The further dis-

covery that one tRNA in a set of isodecod-

ers is expressed only in the brain raises the 

intriguing possibility that additional spe-

cific roles remain to be discovered within 

these gene families.

The strain specificity of the observed 

neurodegeneration sounds a wake-up call. 

The C57BL/6J strain is used in many labs, 

and the work by Ishimura et al. uncovers 

potential defects in brain protein transla-

tion in what the field considers to be “wild-

type” or normal C57BL/6J mice. If one can 

extrapolate from the results of additional 

loss of GTPBP2, which amplifies the ef-

fects of limiting amounts of the tRNA, then 

it is possible that the wild-type mice also 

have altered synthesis of proteins involved 

in translation as well as in protein turn-

over, localization, mRNA processing, syn-

aptic transmission, and regulation of the 

cytoskeleton.

R i b o s o m e s t a l l i n g i n w il d - t y p e 

C57BL/6J mice may also be exacerbated 

under conditions where rapid or local 

synthesis of proteins is required in the 

brain—for example, when the strength of 

synapses (points of contact between neu-

rons that facilitate communication) needs 

to be altered by changing their size, shape, 

and protein composition during learn-

ing. This is especially relevant in cases 

where this mouse genetic background is 

used to model human diseases in which a 

mutation may affect those pathways. The 

example of fragile X syndrome suggests 

that caution is warranted in making con-

clusions about the function of the trans-

lational regulatory factor FMRP based on 

results specific to its loss in only the par-

ticular genetic background of C57BL/6J 

mouse. However, as Ishimura et al. dem-

onstrate, such strain specificity can also 

be a goldmine for discovering informative 

modifying genes. Both conclusions under-

score the need for increased awareness of 

the effects of genetic background in model 

studies. ■          
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          P
olymers are ubiquitous and occur in 

many diverse forms, including cross-

linked synthetic polymers (e.g., rub-

ber and plastic) and biopolymers such 

as DNA and proteins. DNA has long 

been used as a model system for poly-

mer science because long, chemically well-

defined DNA chains can be prepared using 

its ability to self-replicate, and because it 

can be analyzed at the single-molecule level. 

For instance, the relaxation dynamics of a 

distorted DNA molecule eventually revert-

ing to its lowest-energy configuration have 

been investigated extensively ( 1). There has 

been growing interest in understanding the 

relaxation of spatially confined polymers. 

How biopolymers such as DNA and proteins 

behave under high spatial confinement is 

important because they often experience 

such conditions—for example, when DNA 

passes through a narrow pore during viral 

packaging or bacterial conjugation. With the 

advent of nanotechnology (DNA is 2 nm in 

diameter), it has now become possible to 

study the relaxation dynamics of DNA con-

fined in one ( 2) and two ( 3) dimensions. 

Berndsen et al. ( 4) have undertaken the first 

characterization of DNA relaxation under 

extreme confinement in three dimensions. 

Remarkably, they find that DNA relaxation 

under such circumstances is slowed by a fac-

tor of more than 60,000, presenting a daunt-

ing challenge for the biological machines 

that need to compact DNA reliably into tight 

spaces.

Extreme confinement of DNA can be 

achieved in viruses and bacteriophages (i.e., 

viruses that infect bacteria). They package 

their genome to near-crystalline densities 

in the smallest volume possible—a protein 

shell called the capsid typically only 50 

to 100 nm in its largest dimension. Most 

double-stranded DNA bacteriophages and 

many eukaryotic viruses (notably, the her-

pes virus) use powerful molecular motors 

to reel in newly replicated viral DNA into 

empty, preformed capsids. Using the energy 

of adenosine triphosphate (ATP) hydrolysis, 

this motor must work against tremendous 

pressure as high as 2 to 6 megapascals ( 5, 

 6). These pressures are believed eventually 

to drive DNA ejection into new host cells 

for infection.

Recent single-molecule measurements 

( 7) have provided important new insights 

into the mechanism of viral DNA packag-

ing. Smith et al. ( 5) used optical traps to 

pull on an individual DNA molecule as it 

is packaged into a single φ29 phage. Their 

work established that packaging slows down 

as DNA fills the capsid because of the build-

up of internal pressure within the capsid. 

Berndsen et al. ( 4) used this assay to inves-

tigate the dynamics of the confined DNA 

inside the capsid. During the reaction, they 

stalled packaging complexes with a non-

hydrolyzable ATP analog, then restarted 

them with ATP after a variable wait ranging 

from 1 to >10 min. Surprisingly, packaging 

became faster upon restarting if the φ29 

capsids were nearly filled to capacity when 

they were stalled; this finding suggests 

that densely packed DNA can 

become kinetically trapped in 

nonequilibrium conformations 

that jam the motor. Stalling the 

motor allows DNA time to relax 

to its lowest-energy state and 

to present a lower resistance to 

packaging, leading to an acceler-

ation of the packaging reaction. 

The fact that the effect was more 

pronounced after stalls longer 

than 10 min indicates that the 

relaxation time scales must be 

longer than those of unconfined 

DNA of the same length by a fac-

tor of 60,000 ( 1).

In addition, 1- to 10-s pauses 

that had been observed during 

the late stages of packaging be-

came all but eliminated by stall-

ing and restarting of the motor, 

corroborating an early proposal 

that these pauses represented 

the motor’s response to local 

jamming of the DNA ( 5). Late-

stage packaging is also marked 

by increasing variability in 

speed, suggesting that multiple 

pathways are used with differ-

ent resistances. Again, stalling 

and restarting reduced this vari-

ability. These findings suggest 

that packaged DNA can reor-

ganize over multiple spatial and temporal 

scales. Several factors may affect DNA mobil-

ity under extreme confinement. DNA-DNA 

interactions play an important role. Spermi-

dine3+, which induces attractive interactions 

between DNA molecules by neutralizing the 

negative phosphate charge, increased the 

pause frequency and duration and the vari-

ability in packaging speed. Paradoxically, 

this DNA condensing agent actually impedes 

packaging by enhancing DNA-DNA interac-

tions ( 8).

The ultraslow dynamics have a number of 

implications for the viral packaging mecha-

nism. Because the relaxation time scales in 

φ29 exceed the duration of the entire pack-

aging reaction, the motor must overcome 

large fluctuations in resistance because of 

ultraslow DNA dynamics. On the other 

hand, because cell infection occurs much 

later in the viral life cycle, presumably allow-

ing more time for the viral DNA to relax to 

its lowest-energy conformation, the forces 

Ultraslow relaxation of confined DNA

A tight fit. During packaging of the viral genome into its capsid, DNA 

can become kinetically trapped in nonequilibrium conformations, 

generating high resistances against the packaging motor. Relaxation to 

the lowest-energy state is extremely slow.
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          H
ighly reactive or unstable chemical 

reagents are challenging to prepare, 

store, and safely handle, so chem-

ists frequently generate them in situ 

from convenient precursors. In an 

ideal case, the rate of release of the 

reagent would be matched to the rate of 

its “capture” in the desired chemical reac-

tion, thereby preventing the reagent from 

accumulating and minimizing any oppor-

tunity for decomposition. However, this 

synchronization is rarely achieved or even 

attempted: The rate of release is usually dic-

tated by the conditions of the reaction ( 1), 

rather than being regulated by capture of 

the reagent. In this issue, Tellis et al. ( 2) on 

page 433 and Zuo et al. ( 3) on page 437 in-

dependently report the use of iridium pho-

tocatalysis ( 4,  5) to supply highly reactive 

radical coupling partners (R·) to a nickel-

catalyzed carbon-carbon bond-forming pro-

cess (see the figure). Intriguingly, the two 

points of contact between the iridium and 

nickel cycles enforce autoregulated release 

of the radical, ensuring its efficient capture 

by nickel rather than its decomposition via 

other pathways.

Transition metal catalysts for the car-

bon-to-carbon coupling of complementary 

pairs of appropriately functionalized mo-

lecular building blocks are now a mainstay 

in modern organic synthesis, at least for 

unsaturated carbon sites (ones with dou-

ble or triple bonds). Efficient coupling at 

saturated sites (“C
sp3

” where the carbon has 

four single bonds) remains troublesome. 

An important difference between these 

processes is that C
sp3

 coupling generates 

three-dimensional molecular architectures 

that are of key importance to the pharma-

ceutical, agrochemical, and materials in-

dustries ( 6).

There are three primary reasons that 

C
sp3

 reaction centers are ill-suited to cross-

coupling. The first is that the organic com-

ponent transfers sluggishly to the metal 

catalyst. This problem precedes two more—

the resulting organometallic species are 

frequently unstable, and also only slowly 

undergo the desired C-C bond formation 

(“reductive elimination”), exacerbating the 

Self-control tames the 
coupling of reactive radicals

By Guy C. Lloyd-Jones and Liam T. Ball   

Iridium complexes use two points of contact to control 
carbon-carbon bond formation

CATALYSIS

instability problem ( 7). Cases of successful 

C
sp3

 couplings typically must address all 

three issues. The slow transfer is tackled by 

use of highly reactive C
sp3

 nucleophiles (the 

electron-rich component), which are inher-

ently hard to control. The other two issues 

are suppressing side reactions at the metal 

center and accelerating the reductive elimi-

nation, which can be addressed through 

careful tuning of the metal catalyst (for ex-

ample, altering its ligand sphere).

The reports of Tellis et al. and Zuo et al. 

offer an alternative and innovative solu-

tion to all three issues. The authors report 

high-yielding and selective formation of a 

new bond between an aromatic (benzene-

like) ring and a C
sp3

 moiety (“R”) with an 

aromatic halide (“Ar-X”) coupling partner, 

and convenient precursor sources of the 

C
sp3

 component, in reactions that are simple 

to conduct and of substantial scope. At the 

heart of the new process is a photoexcited 

iridium complex ([Ir(III)]*) that oxidizes 

stable C
sp3

 precursors (R-Y, where Y is BF
3
K, 

CO
2
Cs, or H) to their corresponding or-

ganoradicals (R·), highly reactive species in 

which the sp3 carbon now bears an unpaired 

electron. The radical does not accumulate, 

but instead is captured by an aryl-nickel(II) 

complex that “awaits” its arrival. Not only 

does the use of an organoradical overcome 

the usual reluctance for formation of the 

School of Chemistry, University of Edinburgh, Edinburgh EH9 
3JJ, UK. E-mail: guy.lloyd-jones@ed.ac.uk; liam.ball@ed.ac.uk

‘The system is an example 
of an underexploited 
approach in synthesis: 
“autoregulated release” 
of reactive intermediates 
by synchronization of 
multiple catalytic cycles, 
a phenomenon that is 
ubiquitous in biochemistry.’

that drive DNA ejection into the host are 

likely to be smaller than those resisting pack-

aging, which may limit the role of pressure 

in DNA ejection. Berndsen et al. propose that 

relaxation of confined DNA may occur by a 

reptation-like mechanism, the time scales of 

which depend on the cube of genome length. 

If so, relaxation time scales would be even 

longer for bacteriophages and viruses with 

genomes longer than that of φ29 (e.g., λ, T4, 

T7, and herpes virus) ( 9). Because the time to 

complete packaging is expected to be simi-

lar for many of these systems ( 10), this po-

tentially presents an even bigger challenge to 

their packaging motors. Interestingly, under 

certain conditions, T4 is also known to “un-

package” DNA ( 11), allowing its genome to 

exit the capsid in a controlled and reversible 

manner. It is tantalizing to speculate that this 

mechanism could allow the motor to “unjam” 

DNA.

A number of issues remain to be addressed. 

More precise measurements of relaxation 

times as a function of filling fraction will aid 

theoretical models of polymers, because such 

models often lack accurate relaxation time 

scales. It will also be important to connect the 

observed slow relaxation to the mechanism 

of the packaging motor and to the organiza-

tion of the DNA inside the capsid. Another 

recent optical trap study ( 12) showed that 

the motor rotates DNA as it packages it, and 

that the rotation pitch changes as the capsid 

becomes filled. This is potentially related to 

the spool structure proposed for packaged 

DNA ( 13,  14). It may be possible to study the 

prerelaxation conformations of the packaged 

DNA with the help of recent advances in 

cryoelectron microscopy. Direct visualization 

of confined DNA motion by single-molecule 

imaging may shed additional light on the 

packaging process. This system illustrates 

how biological processes exist far from equi-

librium and how their study can provide an 

unexpected testing ground for the underly-

ing physical theories. ■  
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Oxidation of R-Y by Ir(III)*

releases highly reactive R•

Standard cross-coupling partner

(Ar = aromatic ring, including

heterocycles; X = Cl, Br, I)

Single-electron transfer

regenerates the nickel and

iridium catalysts,

synchronizing the 

inner and outer cycles
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[IrIII] to [IrIII]*
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Driving chemistry with epicyclic gears. A schematic representation of cooperative iridium (outer) and nickel (inner) catalytic cycles for the cross-coupling of a stable radical 

precursor (blue spheres, R-Y) with an aryl halide (purple spheres, Ar-X), driven by an external source of visible light (hν). Two points of contact (smaller cogs on the left and right 

sides) synchronize the inner and outer cycles, ensuring autoregulated release of a highly reactive radical (red spheres, R·) to the awaiting nickel(II)-aryl intermediate.

C
sp3

 organometallic cross-coupling inter-

mediate, it also generates a nickel(III) spe-

cies that more readily undergoes reductive 

elimination, avoiding competing decompo-

sition. A single electron transfer then reoxi-

dizes the spent iridium photocatalyst and 

provides a nickel(0) species for addition to 

the Ar-X, thereby closing and synchroniz-

ing the two cycles.

The whole process proceeds under re-

markably mild reaction conditions: The 

iridium photocatalysis is driven by visible 

light (simply using a household light bulb), 

avoiding ultraviolet photodegradation of 

the organic coupling partners. The organo-

radicals smoothly add to the nickel catalyst 

at ambient temperature, and unlike most 

couplings, there is no requirement for a 

strong exogenous base. Overall, these mild 

conditions suggest that the process can 

be extended to a wider range of coupling 

partners, including other unsaturated or 

saturated halides, or their more environ-

mentally friendly equivalents (e.g., phenol 

derivatives), as well as radical precursors 

that do not benefit from a stabilizing group 

(Z in the figure). An important target for fu-

ture development will be gaining access to 

single-enantiomer products, via full stereo-

convergence of racemic radical precursors 

(R-Y) ( 8), the feasibility of which Tellis et al. 

preliminarily explored.

Consideration of the overarching mecha-

nisms proposed for the couplings reveals 

that this first example of the successful 

confluence of iridium and nickel catalytic 

cycles relies on more than just the relay 

of an organoradical from one cycle to the 

other. The single-electron transfer provides 

a second point of contact between the two 

cycles, as illustrated by the gear systems in 

the figure. Neither cycle can operate inde-

pendently of the other; the turnover of one 

cycle both determines and is controlled by 

the other. It is this “self-control” in the lib-

eration of highly unstable radical reagents 

from the C
sp3

 component that facilitates 

their productive coupling, instead of their 

decomposition, as would occur if they were 

released en masse.

The system is an example of an under-

exploited approach in synthesis: “autoreg-

ulated release” of reactive intermediates 

by synchronization of multiple catalytic 

cycles, a phenomenon that is ubiquitous 

in biochemistry. This analysis also shows 

that, by modulating the relative concentra-

tions of the two catalysts and by judicious 

choice of their initial point of entry into 

the system, the distribution of catalytic in-

termediates can be constrained to be pre-

dominantly in one or the other hemisphere 

of a cycle. This manipulation of the loca-

tion of the so-called “catalyst resting state” 

provides wide-ranging opportunities for 

the development of novel catalyst systems 

for synthesis and for the installation of 

new modes of selectivity into ones already 

known ( 9). ■  
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structure of 23 communities, Rohr et al. 

show that more nested mutualistic networks 

permit multispecies coexistence for a wider 

range of species growth rates: They are more 

structurally stable (see the figure).

Rohr et al.’s results imply that if a com-

munity can explore a full range of species 

growth rates during assembly, nestedness is 

the configuration most likely to be observed 

because of the structural stability that it im-

parts. This is an important step toward rec-

onciling previous results based on Lyapunov 

stability. However, it remains to be shown 

how maximization of structural stability af-

fects Lyapunov stability. Insights may come 

from studies that allow ecological networks 

to assemble through a stochastic exploration 

of species growth rate combinations ( 8– 10). 

These studies have found that as communi-

ties assemble, they become more resistant 

to invasions by new species, likely because 

they have come close to the center of the 

coexistence domain of growth rates (see the 

figure). At the same time, these communities 

tend to be less resilient (that is, they return 

more slowly to equilibrium after perturba-

tions). This fragility may explain previous 

results showing that nestedness undermines 

resilience to perturbations ( 4, 11).

Future work must take two critical fac-

tors into account. First, Rohr et al. study 

variations in growth rates independently of 

interspecific and intraspecific interaction 

parameters. Yet, these three sets of param-

eters are not independent and will covary, 

because they all depend on the metabolic 

rates of individuals. For example, both inter-

action and growth rates scale with body size 

( 12,  13). Second, the methods and the results 

of Rohr et al. cannot directly be applied to 

consumer-resource systems and only to cer-

tain classes of competitive systems. This is 

a crucial limitation that future work must 

strive to overcome, because mutualistic 

systems are typically embedded in a larger, 

more complex network of interactions that 

also include competitive and consumer-re-

source interactions.   ■
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Why are plant-pollinator 
networks nested?

          I
nteractions between species in a com-

munity may be mutually beneficial, com-

petitive, or exploitative. The resulting 

ecological networks strongly influence 

the population dynamics of species ( 1). 

Nonrandom features of such networks 

may reflect organizing processes. For exam-

ple, mutualistic networks such as plant-pol-

linator communities are “nested.” Specialist 

pollinator species visit plant species that are 

subsets of those visited by more generalist 

pollinators (see the figure). But what drives 

the emergence of nestedness? On page 416 

of this issue, Rohr et al. ( 2) provide theoreti-

cal and empirical evidence for the decade-

old idea that nestedness prevails because it 

stabilizes mutualistic networks.

Different studies have produced conflict-

ing results about the consequences of nest-

edness at the community level ( 3– 5). Rohr 

et al. argue that these conflicts 

arise because most studies have 

focused on how nestedness af-

fects Lyapunov stability. This type 

of stability analysis is concerned 

with whether, for a given commu-

nity, population trajectories will 

return to an equilibrium point 

after they are perturbed from it 

(say, due to sudden reduction in 

the population densities of one 

or more species). Instead, Rohr 

et al. study whether nestedness 

improves structural stability. In 

ecological communities, structural 

stability analyses aim to determine 

whether a network feature (such 

as nestedness) widens or constricts 

the feasible region for multispe-

cies coexistence when biological 

parameters are varied (1) (see the 

figure).

This shift from Lyapunov sta-

bility to structural stability, origi-

nally suggested in 1974 (1), has 

profound implications. Any equi-

librium of a community cannot be 

permanent because real commu-

nities are not static: Individual species may 

undergo changes, e.g., in their growth rate, 

and the species composition of the commu-

nity may change, e.g., when phenotypically 

different individuals immigrate or emigrate. 

Such changes are even more likely when 

individuals respond to changes in environ-

mental conditions such as temperature ( 6). 

This is why it is necessary to ask whether a 

system will be structurally stable to changes 

in biological parameters.

Rohr et al. investigate how structurally 

stable mutualistic networks are to changes 

in the intrinsic growth rates of species. In-

trinsic growth rate is a fundamental biologi-

cal parameter that determines the absolute 

fitness of species’ populations and varies 

with the metabolic rate (rate of energy use) 

of individuals. The intrinsic growth rate has 

typically been treated as a fixed parameter 

across all species in a community ( 4, 5,  7). 

Combining theory and data on the network 

By Samraat Pawar 
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Pollinator growth rates

Pollinator growth rates

Coexistence domain

Less nested network = low structural stability

Highly nested network = high structural stability

Nestedness and structural stability. According to Rohr et al. ( 1), 

a highly nested network (top, fully nested in this case) has a high 

structural stability. This means that species can coexist over larger 

ranges of species’ growth rates (gray shaded coexistence domain). 

A less nested network (bottom) will have lower structural stability 

(a smaller coexistence domain). Thus, perturbations to plant or 

pollinator growth rates can more easily displace an equilibrium point 

of the community out of the coexistence domain, resulting in one or 

more populations going extinct.
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          F
or centuries, magicians have created 

the illusion of invisibility with the as-

sistance of smoke and mirrors: Mir-

rors redirect light and fool our eyes; 

smoke conceals the trickery. The con-

cept of redirecting light has become 

routine in the ongoing development of “in-

visibility cloaks”—constructs of specially de-

signed materials that can route light around 

an object, making it appear as if both the 

object and cloak are empty space. On page 

427 of this issue, Schittny et al. ( 1) show how 

to use the other half of the magicians’ tool 

kit, showing that objects in a smoky or “dif-

fusive” environment can be perfectly hidden 

from sight.

Although the challenges in creating an 

invisibility cloak are substantial, key ad-

vances in artificial materials—or metamate-

rials—during the past decade kept alive the 

dream of true invisibility. The requirements 

for an optical cloak are indeed stringent. A 

ray of light entering a cloak must not be re-

flected and must emerge from the cloak as 

if having passed through an equivalent re-

gion of empty space. A handful of theorems 

require that such a cloak must consist of a 

material with both electric and magnetic 

response, be anisotropic, and have proper-

ties that vary continuously throughout the 

cloak volume. Naturally occurring materials 

do not have enough flexibility to meet these 

requirements.

Motivated by the increasingly complex 

materials that were becoming achievable 

using metamaterials, Pendry et al. ( 2) sug-

gested a new design tool, transformation 

optics, for cloaking. The propagation of light 

and other electromagnetic waves through 

a medium is described by Maxwell’s equa-

tions; the material enters solely through two 

parameters: the electric permittivity, ε, and 

the magnetic permeability, µ. A conceptu-

ally simple coordinate transformation to 

Maxwell’s equations produces an exact speci-

fication for a cloak, which can be represented 

as values of ε and µ that vary throughout the 

cloak structure. Schurig et al. ( 3) used this 

approach to demonstrate a metamaterial in-

visibility cloak at microwave frequencies.

While transformation optics allows 

for a perfect optical cloak, this cloak is 

ultimately limited by fundamental phys-

ics. Cloaking requires that a light ray 

traveling through the cloak arrive at the ob-

server at the same time as a ray that would 

have passed through empty space. The di-

verted ray takes a longer path and would 

need to travel faster than the speed of light 

in vacuum, which Einstein’s theory of spe-

cial relativity rules out. A slight loophole 

in this limitation allows the ideal cloak to 

work over a very small bandwidth. Other 

types of wave phenomena do not possess 

the inviolable speed-of-light limitation. 

Transformation optical cloaks for sound 

waves, for example, can be much more eas-

ily realized, as recently demonstrated by 

Zigoneanu et al. ( 4).

If the object to be cloaked is much 

smaller than the wavelength of light, then 

the light need not be diverted to such an 

extent, and one might imagine cloaking 

would be considerably easier. Indeed, Alù 

and Engheta ( 5) suggested that a simple 

material coating could be applied to small 

objects in such a way that the composite 

would not scatter light. This approach of 

a material coating is obviously limited 

because subwavelength objects are effec-

tively beyond the diffraction limit and not 

visually detectable anyway. However, the 

coating idea works for other physical phe-

nomena that are not waves and do not have 

a wavelength as a parameter. To manage 

heat flow, for example, Xu et al. recently 

showed that a material with an appropri-

ately chosen thermal conductivity could be 

fashioned into an extremely thin coating to 

achieve cloaking-like behavior—in this in-

stance, keeping a desired area of a heated 

plate cool ( 6).

The idea that a simple coating could 

work as a cloak for heat flow and other 

physical phenomena prompted Schittny et 

al. to take another look at optical cloaking. 

Although light traveling in empty space is 

governed by the wave equation, light travel-

ing through a fog or similarly dense, murky 

medium no longer travels in a straight 

A cloaking 
coating for 
murky media

By David R. Smith 

Objects shrouded in fog 
disappear entirely with 
simple coating

METAMATERIALS
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Cloaking in diffusive media. In a smoky or other strongly scattering medium, light propagates by bouncing 

randomly from one particulate to the next. As a result, light transport is better described by the mechanism of 

diffusion as opposed to wave mechanics (as shown on the right). In this diffusive regime, an invisibility cloak can be 

created by simply wrapping the object (with radius R
1
) to be hidden with a thin shell of homogeneous composite 

material (which increases the radius to R
2
). The trick developed by Schittny et al. is to select the diffusion constant 

of the cloak material in such a way that it perfectly cancels any scattering from the underlying object.
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line. Instead, the light bounces around—

or diffuses—among the particulates in the 

medium, effectively traveling at a much 

lower speed than in vacuum. In this diffu-

sive regime, Maxwell’s equations no longer 

govern light transport; instead, the much 

simpler diffusion equation, known as Fick’s 

law, takes precedence, with the diffusivity 

D being the sole material parameter that 

needs to be controlled, rather than the ε 

and µ of Maxwell’s equations.

To investigate the cloaking of light in the 

diffusive regime, Schittny et al. immerse 

either a metal cylinder or sphere into a 

tank of water mixed with paint. The paint 

flakes in water form a suspension that, for 

light, produces a strongly scattering, dif-

fusive medium—analogous to the smoke 

that a magician might use to obscure the 

audience’s view. Patterns of light projected 

from a computer monitor are used to illu-

minate the cylinder, which blocks the light 

and forms a shadow easily viewed by the 

observer. Around the roughly 3-cm diam-

eter of the cylinder, a material coating only 

3 mm thick is applied, with a diffusivity 

designed to perfectly offset the scattering 

from the metal object. As a result, the entire 

object is rendered invisible relative to the 

medium—that is, the shadow is removed, 

and the light pattern from the monitor re-

stored (see the figure).

So, while cloaking an object in empty 

space for light waves remains an unreal-

ized goal, Schittny et al. have shown that if 

we alter the environment, slowing the light 

down and perhaps confusing it a bit, we can 

actually render objects completely invis-

ible. It is a remarkable result in terms of its 

simplicity and yet completeness. Schittny et 

al. have cleverly changed the properties of 

the environment to achieve optical cloak-

ing, rather than trying to create the chal-

lenging and inherently limited cloak for 

free space. Because the goal of invisibility is 

often to provide camouflage—where an ob-

ject might go unnoticed relative to its envi-

ronment, like a gecko changing its color to 

match the background scenery—the diffu-

sive cloak is an intriguing concept and one 

that represents a convincing step forward 

for invisibility research.   ■
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to maintain neuronal energy homeostasis 

and neural activity ( 2,  6).

Most newly formed mitochondria are 

transported from the cell body down the 

length of the axon and often fuse with 

resident mitochondria along the way ( 2). 

Mitochondrial fusion and fission together 

constitute an important quality-control 

mechanism that is believed to help adjust 

mitochondrial length and vitality, replenish 

supplies of biomolecules, and dilute out de-

fective mitochondrial components ( 1). Such 

maintenance is essential not only for proper 

bioenergetic function, but also to prevent 

the release of reactive oxygen species or mol-

ecules that trigger programmed cell death 

(apoptosis) from partially depolarized mito-

chondria ( 7,  8).

Ultimately, aged mitochondria are be-

lieved to become damaged irreparably, at 

which point cells discard them or fission off 

sections to be degraded through an autoph-

agy-based process (mitophagy). Autopha-

gosomes form around mitochondria, which 

then fuse with lysosomes, delivering diges-

tive enzymes and accomplishing their deg-

radation ( 1,  9). Neuronal autophagosomes 

likely mature by fusing with endosomes 

and lysosomes during retrograde transport 

Astrocytes eyeball axonal 
mitochondria

By Thomas C. Burdett and 

Marc R. Freeman   

Retinal neurons transfer mitochondria to astrocytes for 
rapid turnover to meet energy demands 
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          S
ustaining a healthy population of 

mitochondria in a neuron requires a 

balance of de novo biogenesis of new 

mitochondria or mitochondrial com-

ponents and removal of damaged mi-

tochondrial membrane, proteins, and 

DNA ( 1,  2). Recent evidence suggests that 

mitochondria must be ac-

tively transported between 

the cell body and axon ( 2). 

A new study by Davis et al. 

( 3) offers a surprising al-

ternative: Axons expel mi-

tochondria to neighboring 

astrocytes for degradation. 

This unexpected finding 

might reshape how we think 

of mitochondrial disposal in 

the nervous system.

Axons enable long-

distance communication 

in the nervous system by 

propagating signals to dis-

tant synapses at extraor-

dinary lengths from the 

neuronal cell body. Axons 

within the spinal tract of 

the blue whale (perhaps 

the longest in nature) are 

estimated to exceed 30 m 

in length, and the longest human axons 

extend an average of 1 m from the base 

of the spine to the toes. By comparison, a 

neuronal cell body is less than 100 µm in 

diameter ( 4). Thus, long axons can repre-

sent the majority of a neuron’s volume and 

pose a major logistical challenge to ship 

nutrients, organelles, and other biomateri-

als essential for maintaining axon integrity, 

synaptic connectivity, and neuronal func-

tion ( 2,  4).

The active transport of organelles and 

vesicles, as well as the maintenance of 

membrane potential along the length of the 

axon, are energetically demanding tasks 

that require a constant supply of adenosine 

triphosphate from axonal mitochondria ( 5). 

As such, mitochondria must be both prop-

erly distributed and functioning efficiently 

Eye on mitochondria. Retinal ganglion cells in the optic nerve head of the 

mouse are enwrapped by astrocytes and rapidly turn over mitochondria to 

meet high metabolic demands.
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from the axon to the cell body ( 10). How or 

where mitophagy is induced in the axon, or 

precisely how many mitochondria are elimi-

nated by autophagy versus alternate mecha-

nisms (axonal or otherwise), is not clear ( 11).

A study of retinal ganglion cells at the op-

tic nerve head in a mouse revealed that mem-

brane-bound vesicles that were shed from 

their axons were internalized by surrounding 

astrocytes ( 12). Davis et al. further analyzed 

this shedding event. Using scanning electron 

microscopy and cell-specific labeling, they 

identified mitochondria as one of the major 

constituents of the shed axonal evulsions. 

A clear continuum of events was observed 

whereby mitochondria clustered in axons 

near sites of astrocyte membranes, evulsions 

from axons were filled with mitochondria, 

and shed evulsions were internalized by as-

trocytes. The authors further determined 

that the mitochondria-rich evulsions were 

degraded in astrocytes, as the organelles co-

localized with lysosomal markers and were 

surrounded by astrocyte membranes.

To trace the fate of these mitochondria-

rich evulsions in astrocytes, Davis et al. 

targeted a red/green, acid-resistant/acid-

sensitive fluorescent protein to neuronal 

mitochondria. In healthy mitochondria, 

red and green signals colocalize, whereas 

the green fluorescence is eliminated in an 

acidic lysosomal environment. The authors 

confirmed that mitochondria undergoing ly-

sosomal degradation were not in axons but 

in surrounding glia (astrocytes). They also 

detected degraded neuronal mitochondrial 

DNA in astrocytes. The study provides com-

pelling evidence that retinal ganglion cells 

can transfer mitochondria to astrocytes for 

destruction rather than sending the organ-

elles down the axon to the cell body for re-

cycling. In addition, Davis et al. show that a 

majority of axonal mitochondria in the op-

tic nerve head undergo degradation in sur-

rounding astrocytes. This process therefore 

represents a major route for mitochondrial 

disposal from these neurons.

Retinal ganglion cells are particularly 

energy-hungry cells and may demand a level 

of mitochondrial turnover that exceeds axo-

nal transport capacity. Their axons project 

through a variety of target regions in the 

brain, are unmyelinated in the retina but 

myelinated for the remainder of their length, 

and experience stressors such as light, vary-

ing intraocular pressure, and poor oxygen 

supply ( 13). Such an environment could 

stand in contrast to the more protected re-

gions of the brain and nerve tracts, and so 

this may be a specialization of these neurons. 

However, one could also imagine low levels 

of transcellular mitochondrial degradation 

being dismissed as artifactual in these tis-

sues or going wholly unnoticed because they 

are only readily identified by electron micros-

copy or with a fluorescent marker. Indeed, 

this phenomenon appears to be more widely 

used in the nervous system, as Davis et al. 

report the identification of similar mitochon-

dria-rich protrusions in the superficial layers 

of the cerebral cortex of young mice.

Davis et al. have named this process of 

transcellular degradation of mitochondria 

“transmitophagy.” But although cell-auton-

omous mitophagy is an autophagic event, 

it remains to be determined whether axo-

nal mitochondria transferred to astrocytes 

are degraded by an autophagic process or a 

phagocytic event; both would result in the 

association of transferred material with ly-

sosomal compartments. Key next steps in-

clude determining whether these particles 

are enclosed in a double membrane-bound 

vesicle, implying autophagy, or a single 

membrane-bound phagosome-like vesicle. 

Equally important is exploring whether 

this process is regulated by autophagic, 

phagocytic, or other signaling pathways.

The process of transmitophagy not only 

goes against dogma—cells don’t necessarily 

autonomously destroy all of their own mi-

tochondria—but it raises many intriguing 

questions about the biology of mitochon-

dria, axons, and astrocytes. For instance, 

how do mitochondria tag themselves for 

disposal, cluster at the appropriate axonal 

site, and load themselves into these evul-

sions? It is also not clear whether this trans-

cellular degradation process is specific for 

mitochondria, or is used to dispose of other 

axonal organelles. How astrocytes discrimi-

nate between axonal evulsions and healthy 

axonal material, and ultimately drive uptake 

and disposal of the correct target is also a 

curiosity. What drives the formation of evul-

sions, loading, and pinching off is also an 

open question. The finding also raises the 

question of whether signals are sent from 

the axon to the astrocyte to ensure uptake.

Even if transmitophagy is rare in healthy 

neuronal populations, it will be necessary 

to determine whether each neuron has the 

intrinsic capability to use this mechanism 

to dispose of unwanted mitochondria, if we 

wish to understand neuronal physiology, 

and whether it is up-regulated in response 

to stress or disease. Interestingly, Davis et 

al. noted an increase of transmitophagy 

in retinal ganglion cells after exposure to 

rotenone, an inhibitor of mitochondrial 

respiratory chain complex I. Autophago-

somes containing mitochondria reportedly 

accumulate in neurodegenerative disease 

models ( 9,  14). In these situations, trans-

mitophagy may compensate for interrup-

tions in axonal transport by intracellular 

aggregates or disruption of microtubule 

networks. Going forward, it will be exciting 

to explore a possible increase of transmi-

tophagy as a neuroprotective target.   ■  
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Transmitophagy. Mitochondria cluster in the axon of a 

retinal ganglion cell in the optic nerve head. This forms 

an evulsion that is internalized by a nearby astrocyte. 

Mitochondria are then degraded in lysosomes.
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          I
n an impressive display of tact, the word 

“Snowden” does not appear in the report 

of the U.S. President’s Review Group 

on Intelligence and Communications 

Technologies. Nevertheless, the former 

system administrator’s revelations de-

manded a serious response. The NSA Report 

certainly provides that, with 46 far-reaching 

recommendations.

The report signals the need for correc-

tion. Following 9/11, the USA 

PATRIOT Act (2001) was rushed 

into law, an early fusillade in the 

war on terror. Combined with 

the amended (2008) Foreign 

Intelligence Surveillance Act—

“scrutinized” by the Foreign In-

telligence Surveillance Court, 

whose procedures appear un-

balanced and unchallenged—we 

have seen the emergence of new 

behaviors, such as “collect every-

thing, minimize later.” There is 

now no need to show probable 

cause, and retroactive immunity 

is provided for companies that 

provide the bulk data. To many, 

these developments appear to 

undermine the American way of life while 

claiming to defend it.

The report is a brilliantly readable guide 

to the world Snowden revealed; its clarity 

of analysis, proceeding from fundamental 

principles, impeccable. Its starting point is 

the U.S. Constitution, which seeks to “pro-

vide for the common defense … and secure 

the Blessings of Liberty to ourselves and our 

Posterity.” The authors firmly reject the view 

that these positions conflict, arguing that 

“privacy is a central aspect of liberty, and it 

must be safeguarded.”

We need to adapt surveillance practice to 

a multipolar world. The report argues that 

national security has to be balanced not 

only against privacy but also against other 

functions of government. The United States 

has to promote relations with its allies and 

to ensure that American firms are not un-

necessarily disadvantaged abroad. Vital es-

pecially from the point of view of science 

and engineering is the need to maintain the 

integrity of the Internet and the Web. These 

global sociotechnical systems cannot func-

tion without trust in their integrity. When 

social networks have been appropriated by 

Russian oligarchs and artificially created by 

the United States to sow dissent in Cuba, it 

is obvious that rich information can be used 

against us or a whole nation. In this context, 

the recommendation to minimize the use 

government can make of legally acquired in-

formation is welcome. Rumors swirl about 

backdoors inserted into security technology 

at the behest of the U.S. (and Chinese) in-

telligence communities. The group’s report 

is deadpan on this, writing in generalities. 

It is worth pointing out that the practice, if 

indeed prevalent, is borderline insane for all 

parties—a form of mutually assured destruc-

tion that may ultimately have to be limited 

by treaties akin to those restricting other 

technologies.

Foreign states have been outraged (how-

ever hypocritically) by spying on their lead-

ers and commercial companies; one suspects 

little of that was terrorism-related. In re-

sponse, Brazil was within an ace of insisting 

that data about Brazilians should be held on 

servers in Brazil, and even so its Marco Civil 

da Internet (2014) extends Brazilian law to 

cover any online service used by Brazilians. 

The European Union might react strongly, 

too, while Vladimir Putin has argued that 

the Internet is a CIA project. The balkaniza-

tion of the Internet has never felt closer.

Against this background, the report’s dis-

cussion of the treatment of non-U.S. persons 

is important, arguing that on the Internet 

the national-international distinction has 

virtually collapsed. The recommendation 

that disseminating information about non-

U.S. persons only be done to protect U.S. 

national security is powerful and welcome. 

Would any president outlaw diplomatic or 

commercial spying? Probably not, but the 

review group makes a strong case. The appli-

cation of the Privacy Act of 1974 to non-U.S. 

persons in the absence of specific suspicions 

is appropriate in the age of the cloud and 

consistent with the current policy of the 

Department of Homeland Security. It would 

help dispel the corrosive distrust, which is so 

damaging to the Internet.

The report is very sound on the inva-

sive nature of metadata and 

the uselessness of much of this 

intelligence. The controversial 

recommendation to consider a 

civilian National Security Agency 

director follows from the non-

obvious observation that recent 

intelligence-gathering has been 

driven by combat in Iraq and 

Afghanistan. But counterterror-

ism is not always a military mat-

ter, and so the recommendation 

logically reasserts the primacy of 

nonmilitary considerations.

The report is necessarily handi-

capped by the impossibility of 

predicting the future balance of 

power among president, Con-

gress, media, and the so-called intelligence-

industrial complex, and so it is hard to say 

that the recommended institutions will suc-

ceed where the current ones have failed. 

Recommendations for transparency are 

weakened by acceptance of the imperative 

to protect the integrity of intelligence pro-

grams. Doesn’t this just beg the question? 

Government is many actors, not one, and 

we shouldn’t underestimate their tendency 

to fight against one another in pursuit of in-

dividual targets. But overall separation and 

limitation of powers was at the heart of the 

U.S. Constitution. The vigilance that “is re-

quired in every age to maintain liberty” has 

to be applied not only to our enemies but 

also to those who would protect us. Govern-

ments around the world would do well to 

reflect on the principles that underpin The 

NSA Report and relate them to their own 

intelligence-gathering activities.  

SURVEILLANCE OVERSIGHT

10.1126/science.1256398

The reviewers are at the Web and Internet Science Group, 
Electronics and Computer Science, University of Southampton, 
Highf eld, Southampton SO17 1BJ, UK. E-mail: kmo@ecs.soton.
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Liberty and Security in 

a Changing World

The President’s Review 

Group on Intelligence and Communications 

Technologies. Richard A. Clarke, Michael J. 

Morell, Geof rey R. Stone, Cass R. Sunstein, 

and Peter Swire
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Who guards 
the guardians?
By Kieron O’Hara and Nigel Shadbolt   
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          A 
few years ago, in an effort to become 

more aware of the ecological prob-

lems facing humanity, I started a per-

sonal list of threatened and degraded 

ecosystems around the world. The 

list produced more despair than en-

lightenment, and I gave it up. Paddy Wood-

worth’s Our Once and Future Planet offers a 

belated but welcome counterweight to my 

abandoned list. He focuses on the relatively 

young field of restoration ecology, whose 

practitioners include scientists, philoso-

phers, engineers, civil servants, and citizen 

volunteers undertaking nothing less than 

the regeneration and restoration of those 

same degraded ecosystems across the globe.

Woodworth, an Irish journalist whose 

two previous books focused on Spanish 

political struggles and Basque culture, has 

produced a hybrid volume. He intersperses 

a clear and thoughtful description of the 

historical and theoretical underpinnings 

of restoration ecology with detailed ac-

counts of projects from around the world. 

Highlights include country-wide efforts to 

remove invasive trees in South Africa after 

the end of apartheid, the transformation 

of ill-fated farmland to native bush habitat 

in Western Australia, and the conservation 

and restoration of quickly disappearing bog 

lands in Ireland. These case studies are well 

chosen to illustrate the variety of challenges 

and approaches facing restorationists in 

their efforts to combat the loss of important 

and diverse ecosystems.

With such a young field, 

it is not surprising to find 

numerous tensions among 

practitioners. Through re-

flections on the primary lit-

erature and his interviews 

of many of the major play-

ers, Woodworth skillfully 

dissects the arguments sur-

rounding the purpose and 

direction of ecological res-

toration. Most prominent is 

the debate over whether we 

should attempt to recreate 

or model restored ecosys-

tems after “historical refer-

ences”—natural assemblages 

of plants and animals that existed at some 

point in the past. This approach has domi-

nated the field since its inception but has 

been repeatedly challenged by ecologists 

such as Roy Hobbs and even seen as “hope-

lessly nostalgic.” By their reckoning, climate 

change will doom attempts to recreate his-

torical ecosystems to failure. Instead, res-

toration ecologists need to embrace “novel 

ecosystems,” assemblages of flora and fauna 

with no historical analogues. Whether such 

novel ecosystems will satisfy many of the 

goals of restoration ecology remains an open 

question.

The debate around just what those 

goals should be is almost as contentious 

as debates over novel ecosystems. Should 

restoration take into account “ecosystem 

services” such as food production, water re-

tention, and soil formation? Or should the 

focus be on the restoration of nature for its 

own sake, with, as philosopher Bill Jordan 

puts it, “a studied disregard of human in-

terests”? From this debate stem corollary 

discussions about the necessity of removing 

beneficial nonnative species and whether 

local communities and governments are 

Repairing ecosystems
ENVIRONMENT

The reviewer is at the Department 
of Ecology and Evolutionary Biology, 
University of Colorado, Boulder, CO 
80309–0334, USA. E-mail: william.
stutz@colorado.edu

By William E. Stutz 

Our Once and Future Planet

Restoring the World in the 

Climate Change Century

Paddy Woodworth

University of Chicago Press, 

2013. 529 pp.

motivated more by aesthetic or economic 

interests when deciding to spend money on 

restoration.

Because the book encompasses his own 

journey into the field, both literally and figu-

ratively, Woodworth makes brief but effec-

tive use of narrative techniques to enhance 

his presentation. His descriptions of the peo-

ple he meets are often charming and reveal-

ing. Ecologist Dan Janzen memorably “sits 

at his computer, totally focused, lean and 

muscular body stripped to the waist, long 

silver hair flowing like an Old Testament 

prophet’s,” while his partner in restoration 

Winnie Hallwachs’s “Quakerish dress and 

diffident manner mask a powerful person-

ality—a very useful gambit … for blending 

smoothly into the gender-conservative Costa 

Rican establishment.” Woodworth also ex-

tensively quotes the scientists, project man-

agers, and citizens he interviewed, allowing 

their conflicting views on restoration tactics 

or theory to push the narrative along.

Despite Woodworth’s ambitious interna-

tional itinerary, there is a conspicuous ab-

sence of restoration examples from some 

fast-growing and conflict-ridden regions 

such as South and East Asia and tropical 

Africa. One wonders whether hard-fought 

restorations in places like Costa Rica or 

New Zealand are truly representative of 

global efforts or simply islands of ecologi-

cal progress on a planet of deteriorating 

landscapes.

In addition, Woodworth’s account makes 

it difficult not to see the success of large-scale 

restoration projects as inextricably linked 

to the tireless efforts and political skills of 

their founders. As leaders such as Janzen, 

Guy Preston, and Keith Bradby relinquish 

their roles atop the organizations they have 

long embodied, what will 

become of the restorations 

they initiated? More broadly, 

what are the consequences 

of depending so heavily on 

extraordinary individuals to 

get projects off the ground?

Despite these concerns, 

I commend Woodworth for 

immersing himself in the 

field of restoration ecology 

so completely over the eight-

year period spent writing the 

book. While not completely 

reversing my initial pes-

simism about Earth’s eco-

logical fate, Our Once and 

Future Planet makes a con-

vincing case that we have, 

however hesitantly, begun a 

journey toward “ ‘restoring 

the future.’”    

10.1126/science.1256060

Easy to misread. The seemingly ancient oak woodlands around the medieval monastic 

churches of Glendalough, Ireland, cover slopes that were bare in the 19th century.

Published by AAAS
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In defense of fences
HUMAN-DRIVEN HABITAT fragmentation 

reduces global biodiversity and ecosystem 

functioning (1). R. Woodroffe et al. (“To 

fence or not to fence,” Perspective, 4 April, 

p. 46) claim that fencing, despite some 

positive outcomes (2, 3), overwhelmingly 

exacerbates fragmentation and negatively 

affects wildlife conservation. They suggest 

that fencing should only be considered as a 

last resort and that fence removal is impor-

tant for climate change preparedness.

Woodroffe et al. underplay the critical 

role fences play in habitat conservation 

and protection of livelihoods in tropi-

cal Africa, where scattered islands of 

natural habitat persist amidst a sea of 

agricultural encroachment, spared often 

through physical demarcation of protected 

area boundaries (4). In Africa, biomass 

extraction and subsistence/smallholder 

agriculture remain the dominant drivers of 

degradation (5). Although fencing can be 

problematic, especially for gene-flow [but 

see (6)] and large-scale mammal migra-

tion, it successfully arrests the gradual 

erosion of habitats, combats poaching, 

and can facilitate wildlife tolerance among 

communities (7).

Woodroffe et al. cite growing 

populations of unfenced carnivores/

megaherbivores in North America as a 

model for other regions. Yet in Africa, the 

notion of rural communities enthusiasti-

cally sharing dwindling environmental 

space with wildlife is an ideal for which 

both wildlife and the rural poor suffer 

considerable costs (8). While it may be 

tempting to generalize across biogeo-

graphic realms, the billion-strong African 

population is expected to quadruple this 

century (9), with rising demands for land 

and increased potential for human-wildlife 

conflict. There is little evidence that 

large, sometimes dangerous, animals can 

suc cessfully move through agricultural 

landscapes in the absence of fences, and 

it would be unwise to assume that islands 

of irreplaceable biodiversity would remain 

intact should fencing be removed.

Fences should be recognized as a 

fundamental conservation tool that may 

often be the best option for a specific set of 

circumstances. Decisions on fencing must 

be based on context-dependent evaluation 

of all alternatives, rather than dismissed as 

a last resort.

M. Pfeifer,1,2* C. Packer,3 A. C. Burton,4,5 

S. T. Garnett,6 A. J. Loveridge,7 

D. MacNulty,8 P. J. Platts2
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Response

THE CONCLUSION OF PFEIFER et al.—that 

wildlife fencing should be context-

dependent—echoes our own call for 

fencing decisions to be based on realistic 

assessments of the costs and benefits. We 

did not, as Pfeifer et al. suggest, state that 

fencing impacts were invariably nega-

tive, nor did we express a view that fence 

removal was imperative. 

Pfeifer et al. emphasize circumstances 

in which fences encircle isolated wildlife 

areas embedded in a matrix of human 

activity. However, as stated in our 

Perspective, many fences are constructed 

within contiguous wildlife habitat. Some of 

these fences are constructed for conser-

vation purposes (e.g., to contain rhinos 

within a well-guarded area) and some 

serve other purposes (e.g., to delineate 

private property). Whatever their purpose, 

the resulting barriers to wildlife move-

ment will have environmental impacts 

that should be considered when deciding 

whether to construct or remove fences.

We agree with Pfeifer et al. that appropri-

ately designed and well-maintained fences 

may contribute to wildlife conservation in 

small areas that are irretrievably isolated 

by human development. However, even 

in these circumstances, the likely benefits 

and costs need to be assessed carefully. As 

Edited by Jennifer Sills
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detailed in our Perspective, the anticipated 

benefits of fencing are often not realized, 

and so the prospects of success need to 

be realistically evaluated. Moreover, it is 

important to bear in mind that patches of 

wildlife habitat may be less isolated than 

they appear. In contrast with Pfeifer et al.’s 

statement, there is growing evidence of dis-

persal between apparently isolated wildlife 

areas, for example by tigers (1), wolves (2), 

and elephants (3). Such movements across 

the human-dominated matrix may improve 

the viability of relatively isolated popula-

tions, and the consequences of breaking 

such connectivity through fencing need to 

be carefully considered.

We cited the paucity of fencing around 

reserves in North America as an illustra-

tion of alternatives rather than a model for 

other regions. Tolerance of wildlife move-

ment in and out of many North American 

national parks may be related to sustain-

able use (including recreational hunting) 

on adjoining lands. This approach may or 

may not be appropriate elsewhere, but its 

success indicates that fencing is not the 

only way for societies to conserve large 

mammals while also pursuing economic 

development.

Fencing interventions are often less 

straightforward than they seem, and may 

have lasting and irreversible impacts. 

Conservationists need to pay attention to 

both positive and negative impacts, and 

consider a range of interventions, not just 

fencing, to design long-term solutions to 

wildlife conservation.

Rosie Woodroffe,1* Simon Hedges,2 

Sarah Durant1,2
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Early Americans: 
Misstated results
IN THE 16 MAY ISSUE of Science, we were 

part of a research team that reported the 

analysis of a late Pleistocene–age human 

skeleton found below sea level within a 

cave on Mexico’s Yucatan Peninsula (1). 

Mitochondrial DNA extracted from this 

individual’s tooth identified a subhap-

logroup that is found today only among 

Native Americans. Based on our findings, 

we hypothesized that the morphological 

differences between these early people 

and modern Native Americans resulted 

from in situ evolution rather than separate 

ancestry. In the accompanying News & 

Analysis story “Bones from a watery ‘black 

hole’ confirm first American origins” 

(16 May, p. 680), M. Balter quoted J. C. 

Chatters discussing ideas that are his 

alone. Chatters is quoted as characterizing 

early Native Americans “with their large 

skulls and more forward-projecting faces” 

as a “human ‘wild type’” distinct from 

modern Native Americans “with rounder 

and flatter faces” that “reflect a more 

‘domestic’ form.” The quoted comments 

do not reflect the research results and 

interpretations reported in our paper, and 

we do not endorse the ideas presented in 

this section of the News article. Our study 

has no bearing on the sociobehavioral life 

of ancestral Americans or other human 

populations. We joined the Hoyo Negro 

project because of our interest in under-

standing the physical, cultural, and genetic 

diversity of human beings through time 

and across space.
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Early Americans: 
Respecting ancestors
AS ANTHROPOLOGISTS, archaeologists, 

and biologists, and as members of the 

National Academy of Sciences, we were 

startled to read J. C. Chatters’ statement 

that the cranial morphology of early 

Native Americans “represented a human 

‘wild type,’” whereas more recent Native 

American cranial morphology reflected 

a “domesticated” form (“Bones from a 

watery ‘black hole’ confirm first American 

origins,” M. Balter, News & Analysis, 16 

May, p. 680).  We are deeply offended by 

Chatters’ implicit comparison of early 

Americans to the wild ancestors of today’s 

domesticated animals.

We are disheartened to learn that there 

are those who continue to believe that 

cranial morphology carries implications of 

a presumed “wild” state. By so doing, they 

demean the very people they attempt to 

understand.
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Response

  THE IDEAS I DISCUSSED with Balter, 

which were abbreviated in the story, are 

excerpted from a peer-reviewed article 

by me titled “Wild-type colonizers and 

high frequencies of violence among the 

Paleoamericans” (1). Domestication is 

not a foreign concept in discussions of 

human evolution. Literature on human 

self-domestication includes, among oth-

ers, contributions by Leach (2) and Taylor 

(3). It is important to remember that, as 

Darwin effectively demonstrated more 

than 140 years ago in his Descent of Man 

(4), humans are subject to the same evolu-

tionary processes as other species. 

James C. Chatters
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By Kathy Wren

O
fficials at the Food and Drug Adminis-

tration (FDA) must wrestle with a dif-

ficult paradox. Since the early 1960s, 

after the thalidomide tragedy, the 

agency has been charged with protect-

ing the public from unsafe and ineffective 

medical products. At the same time, across 

society,  the demand for faster access to new 

therapies has risen. As patients exhaust treat-

ment options for serious or life-threatening 

conditions, their tolerance for risk may grow.

In an effort to balance prudence and inno-

vation, the FDA has implemented a variety 

of new regulatory pathways to expedite the 

approval of new drugs and medical devices 

that meet certain conditions. But the bene-

fits of these accelerated approaches must be 

weighed against their drawbacks, speakers 

cautioned at a 13 June event at AAAS head-

quarters in Washington, DC. The meeting 

was cosponsored by AAAS; the Program on 

Regulation, Therapeutics, and Law within 

the Division of Pharmacoepidemiology and 

Pharmacoeconomics of Brigham and Wom-

en’s Hospital/Harvard Medical School; and 

the National Center for Health Research.

Scientific evidence is paramount to bal-

ancing the multiple demands on the Obama 

Administration, according to FDA Commis-

sioner Margaret Hamburg. “At the end of 

the day, we have to be guided by science in 

everything we do. It has to be our compass,” 

she said in a keynote address.

Several of these speedier approval path-

ways are specifically designed to allow FDA 

validation based on studies measuring “sur-

rogate end points.” Certain cholesterol levels, 

for example, have been proven to adequately 

reflect a patient’s risk of having a heart attack, 

so a drug that reduces those levels may be 

presumed to lower cardiovascular mortality.

Forty-nine percent of the drug approvals 

by the FDA from 2005 to 2012 were based 

on surrogate end points, according to a 

study by Joseph Ross, an assistant profes-

sor of medicine and of public health at the 

Yale University School of Medicine. The 

numbers varied by medical specialty, with 

a full 80% of cancer drug approvals relying 

on these measurements. 

As speedier approval pathways allow the 

use of surrogate measures in a wider variety 

of conditions, fewer of these measures are 

subject to the rigorous validation required 

of earlier FDA-authorized surrogates such as 

cholesterol levels or systolic blood pressure. 

“We need to do better studies to validate 

whether these surrogates are as good as we 

think, and not just assume things about 

them,” said Jerry Avorn, a professor of med-

icine at Harvard Medical School and chief 

of the Division of Pharmacoepidemiology 

and Pharmacoeconomics at Brigham and 

Women’s Hospital.

Speakers at the meeting cited study de-

sign as another area of concern. While ran-

domized, controlled clinical trials are the 

gold standard in medical research, this type 

of study is not always used when testing 

new medical products for FDA approval. 

And it is particularly rare for new devices, 

which are subject to different regulatory 

procedures from prescription drugs.

More than 90% of all new medical de-

vices are not tested in clinical trials at all, 

according to Diana Zuckerman, president 

of the National Center for Health Research. 

And, when Rita Redberg, a cardiologist at 

the University of California, San Francisco, 

School of Medicine, investigated the ap-

proval of cardiovascular devices in the high-

est-risk category over an 8-year period, she 

found that only one-third were approved on 

the basis of a randomized clinical trial. 

In some cases, bypassing a controlled trial 

may cost lives. An intracranial stent called 

the Wingspan Stent System was approved 

for use in stroke prevention on the basis of 

a 45-person study, according to Redberg. In-

stead of using a randomized control group, 

the researchers compared the patients’ 

outcomes to those in a previous study. The 

FDA approved the Wingspan stent via the 

“humanitarian device exemption,” which is 

intended to encourage the development of 

devices for treating rare diseases.

Later, a larger, randomized, controlled 

trial known as the SAMPRISS trial deter-

mined that 1 out of every 11 patients who 

received the Wingspan stent experienced a 

stroke or died. An FDA committee agreed 

that these data did not support the stent’s 

use for stroke, and the agency recom-

mended narrowing the official list of ways 

that the device should be used.

The SAMPRISS trial was able to gather 

data effectively because it required anyone 

using the device to be enrolled in the trial, 

and it may thus be a good model for future 

postmarket studies, Redberg suggested.
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At FDA, speedier 

approval could 
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over risks

In 1988, days after AIDS activists protested at the FDA for greater access to experimental drugs, the agency 

announced new regulations to speed up approval for certain medical products. 
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Animals are rapidly 

disappearing from 

forests in Borneo 

and across the world. P
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D
uring the Pleistocene epoch, only tens of thousands of 

years ago, our planet supported large, spectacular ani-

mals. Mammoths, terror birds, giant tortoises, and saber-

toothed cats, as well as many less familiar species such 

as giant ground sloths (some of which reached 7 meters 

in height) and glyptodonts (which resembled car-sized 

armadillos), roamed freely. Since then, however, the number 

and diversity of animal species on Earth have consistently and 

steadily declined. Today we are left with a relatively depauper-

ate fauna, and we continue to lose animal species to extinction 

rapidly. Although some debate persists, most of the evidence sug-

gests that humans were responsible for extinction of this Pleis-

tocene fauna, and we continue to drive animal extinctions today
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through the destruction of wild lands, con-

sumption of animals as a resource or a 

luxury, and persecution of species we see as 

threats or competitors.

Such global loss of animal species, or de-

faunation, is increasingly recognized as a 

problem akin to deforestation in terms of 

scale and impact. Though for emotional or 

aesthetic reasons we may lament the loss 

of large charismatic species, such as tigers, 

rhinos, and pandas, we now know that loss 

of animals, from the largest elephant to the 

smallest beetle, will also fundamentally alter 

the form and function of the ecosystems upon 

which we all depend (see Dirzo et al., p. 401).

Identifying the drivers of these extinc-

tions is straightforward, but stemming the 

loss is a daunting challenge. Animal spe-

cies continue to decline in, and disappear 

from, even large, long-protected reserves, 

due both to direct impacts, such as poach-

ing, and indirect ecological feedbacks, such 

as habitat fragmentation. Though hunting 

and poaching might seem obvious candi-

dates for targeted policy and management 

interventions, there are complex social is-

sues underlying these activities that will re-

quire coordinated and cooperative actions 

by nations (see Brashares et al., p. 376).

While stemming this loss remains a chal-

Twilight for animals
Large numbers of animal species 
face extinction in Southeast Asia, the 
Amazon, and the Andes, as shown in 
this map of mammals, amphibians, 
and birds. Animals also face high rates 
of extinction in Europe and North 
America, where fewer species are 
found overall.

Species threatened
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lenging goal, attempts to reverse 

the extinction trend are increas-

ing. Such “refaunation” efforts 

involve a variety of approaches, in-

cluding breeding animals in cap-

tivity, with the hope of reintroducing them 

to the wild, and assisting recolonization of 

areas where species have become locally ex-

tinct (see Seddon et al., p. 406). Active rever-

sal of animal extinctions is proving just as 

challenging as preventing extinc-

tions in the first place, but a few 

success stories provide some hope.

Many note and mourn the loss 

of animals but have not recog-

nized that the impacts of this loss go be-

yond an aesthetic and emotional need to 

maintain animals as a part of nature. Cur-

rent research reveals startling rates of ani-

mal declines and extinctions and confirms 

the importance of these species to eco-

systems (see Stokstad, p. 396). Further, and 

more broadly, it suggests that if we are un-

able to end or reverse the rate of their loss, 

it will mean more for our own future than a 

broken heart or an empty forest. ■

This special issue has been edited 

by Sacha Vignieri, Andrew M. Sugden, 

and Elizabeth Pennisi.

View slideshow at 
sciencemag.org/
special/vanishing

ONLINE
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A suspension bridge helps 

researchers study changes 

to the forest in Lambir Hills 

National Park. P
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lowed to shoot the animals in the park. No 

one spoke. The man raised his bakakuk, a 

homemade shotgun. Unarmed and helpless, 

Harrison slowly backed away.

The encounter was a rare, heart-stopping 

event in several years of research at the park 

in the mid-1990s. Usually, Harrison only 

heard distant gunshots echoing through 

the forest or came across snares. But the 

cost of the hunting became clear with time. 

In Lambir—one of the most diverse for-

ests in the world—the richness of animals 

has declined precipitously over the last 

3 decades, work by Harrison and others has 

shown. Flying foxes, sun bears, gibbons, rhi-

noceros hornbills. All gone. “It’s empty of 

large wildlife,” says Richard Corlett of the 

Xishuangbanna Tropical Botanical Garden 

in Menglun, China. “There’s been dramatic 

and rapid change.”

Lambir is not alone in its defaunation, 

a process in which an ecosystem loses 

animals. Much of Asia, Africa, and Latin 

America also suffers from poaching and 

overhunting. In some places, the quarry are 

elephants, tigers, or other high-value species 

for the international black market. Else-

where, hunters are just trying to put meat 

on the dinner table. “It’s an epidemic that’s 

going through tropical forest reserves,” says 

Harrison, who works for the World Agro-

forestry Centre in Kunming, China. 

In 1992, Kent Redford, then of the Uni-

versity of Florida, brought widespread at-

tention to the potential fallout from this 

epidemic, arguing that the forest itself could 

not survive without the animals that help 

plants reproduce. “We must not let a forest 

full of trees fool us into believing that all is 

well,” he wrote in BioScience. “An empty for-

est is a doomed forest.”

Since then, researchers have been docu-

menting animal losses and their conse-

quences for a wide range of species and 

ecosystems including pollinators in farm 

fields and sharks on coral reefs. Lambir is 

a key case study. Long-term research on its 

vegetation is revealing how a forest changes 

when it loses the herbivores that once 

thinned saplings and the fruit eaters that 

dispersed seeds. Borneo is also the scene of 

more hopeful developments, as researchers 

and nongovernmental organizations seek 

ways to stem the damage. “Overhunting 

is bad for both people and wildlife,” says 

Jedediah Brodie of the University of Brit-

ish Columbia, Vancouver, in Canada. “If we 

can make hunting sustainable, then it’s a 

win-win.”

What is not sustainable is the millions 

of metric tons of meat harvested in central 

Africa and the Amazon each year, or the 

impact of China’s burgeoning demand for 

bear gallbladders and other animal parts 

used in traditional medicine. In the forests 

of Laos and Vietnam, few animals heavier 

than 80 grams can now be found. “There is 

deafening silence,” says Carlos Peres of the 

University of East Anglia in Norwich, U.K.

Researchers exploring the impacts of 

defaunation consistently find that it favors 

plants with wind-dispersed seeds over those 

that rely on animals to disperse their seeds. 

In Panama, S. Joseph Wright of the Smith-

sonian Tropical Research Institute and col-

leagues have linked hunting to an increase 

The empty forest
A beleaguered national park in Borneo hints at 
what can happen when animals disappear 

By Erik Stokstad

D
arkness comes quickly at Lambir Hills 

National Park in western Borneo. The 

cicadas fall silent, and tree frogs start 

to chirp softly. Tourists and day hik-

ers have left the ancient forest, so it is 

a good time to look for the slow loris, 

a shy arboreal primate. But one night, while 

ecologist Rhett Harrison was searching for 

wildlife, a man stepped out of the shadows. 

The hunter scowled; he knew he wasn’t al-

Deer and pigs are primary targets of hunters looking for meat to sell or eat. 
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in woody vines called lianas, which cast 

their seeds into the wind. Other studies in 

Peru, Thailand, and Nigeria have also shown 

changing patterns of plant distributions. 

But long-term studies in Lambir offered re-

searchers a closer look at what happens to a 

forest as ever more animals disappear. 

BORNEO’S INDIGENOUS NOMADS, the 

Penan, long made a living by hunting, but 

their impact was minimal. They would 

move their forest camps when the sago 

palm became scarc e and game, as they put 

it, turned shy. In addition, their communi-

ties were small relative to the forest.

Life for the Penan and other peoples be-

gan to change rapidly in the 1970s. Loggers 

carved roads into previously isolated areas, 

making it easier for outsiders and migrants 

to hunt deep in the forest. They would take 

game back to village markets or sell it to the 

work camps. Although the Indonesian gov-

ernment had long since banned guns, dan-

gerous homemade shotguns proliferated. 

Even more devastating has been the use of 

snares, which indiscriminately kill animals.

Yet well into the 1980s, Lambir (estab-

lished in 1975) was reachable only by a dirt 

logging road. It would wash out in the rainy 

season, giving the park some protection. 

Helmeted hornbills filled the sky with the 

whoosh of their wings. Hunters covet these 

magnificent birds, because artisans carve 

the casque, a large, ivorylike protrusion on 

its upper beak. “It was as near to an un-

disturbed forest you could have had at that 

time,” Harrison says.

Now, after decades of logging, the park is a 

lonely island in a sea of oil palm plantations. 

The road to the park was paved in 1987, eas-

ing access by tourists and nearby residents 

of Miri, the center of Borneo’s petroleum in-

dustry. Its 6952 hectares contain w a t e r f a l l s 

and s p a r k l i n g p o o l s . T h e t r e e s growing on 

the clay soil are gargantuan, dwarfing 

those of the Amazon. “It’s like being in 

a gothic cathedral,” says Peter Ashton, 

a retired botanist who set up research 

plots there in 1964. The warm, moist 

 air, smelling a bit like cigars, 

buzzes w i t h insec ts. To m a n y , 

e s pec ia lly ne w co me r s, t h e 

park looks pristine. 

But the forest is not what 

it was. The helmeted hornbill 

was long gone by the time Harrison arrived 

in 1994 to start his doctoral research on fig 

trees. And other species, such as the swan-

sized rhinoceros hornbill and the gibbon, 

seemed rarer than they should have been. “I 

felt there was something wrong,” Harrison 

recalls. It wasn’t a big leap to suspect hunt-

ing. In addition to hearing the blasts of shot-

guns, he came across snares and evidence of 

hunters’ camps.

In the evening, when Harrison and his 

colleagues drove to Miri, they would some-

times see sport hunters parked in large 

f o u r- w h e e l- d r i v e v e h i c l e s , s hinin g s p ot-

lights into the forest to catch reflections of 

wild eyes. In the city, curio shops sold ear-

rings made from hornbill casques. Vendors 

in the open-air market hawked small mam-

mals in cages, ready to be cooked or taken 

home as pets.

Years later, Harrison decided to pull to-

gether the data about the decline in animal 

species. He went through previous records, 

interviewed older researchers, and walked 

his own surveys. The situation appeared 

grim: A camera-trap survey in 2004 de-

tected only one bearded pig in 8 months. 

And when Harrison spent 6 months in the 

park in 2007, he couldn’t find a single ani-

mal that weighed more than a kilogram. Not 

all animals are gone; small birds, rodents, 

and geckos persist, for example. 

Harrison decided to explore the conse-

quences of these losses, taking advantage 

of the data that the Smithsonian has col-

lected at Lambir since 1991. Every 5 years, 

researchers and staff members spend 

about 9 months measuring each and every 

one of the 370,000 trees and saplings in a 

While some researchers study insects in the park, others have probed the fate of plants based on their fruit or seed.
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52-hectare plot. Harrison and colleagues 

pored over books and museum records to 

figure out how these trees disperse their 

seeds. Then they analyzed how common 

each species was across the plant surveys.

The changes were dramatic. For all spe-

cies, they found that the density of the 

saplings had increased by 25%, likely from 

the paucity of deer and other herbivores 

that thin new growth. The higher density 

of saplings could be a problem, as over-

crowding can promote the spread of plant 

diseases. Even though there were more 

saplings, their diversity has fallen by 1.9% 

since 1992, they reported online in March 

2013 in Ecology Letters. 

This is large and rapid change for a rain-

forest, Harrison says, and it’s due to the 

loss of seed dispersal by animals. Another 

i m p a c t : C o m p a r e d w i t h w i n d - d i s p e r s e d 

species, saplings of fruit trees became more 

clustered around the adults, especially 

tightly so for species with large fruit. Even-

tually, the distribution of adult trees may 

shift, and some species could disappear. 

A FIRM CONCLUSION ABOUT THE FATE 

of the forest is still elusive, as much is un-

known about the demography of trees. “It 

can be overwhelming to go into a rainfor-

est and try to understand anything,” Brodie 

says. “There’s just so much going on.” Even 

Redford, who in 2011 established Archipel-

ago Consulting in Portland, Maine, doesn’t 

want to oversell the risk. “It’s my suspicion 

that there is a lot more hype than data about 

how everything goes to hell once the big ani-

mals are gone,” he says. It could be that small, 

reclusive animals will take over the role of 

dispersing seeds, for example. 

Lisa Curran of Stanford University, an 

anthropologist who studies land use change 

and biodiversity in Borneo, even questions 

how big a role hunting has played in Lam-

bir’s loss of fauna. The park may be simply 

too small to support many large animals, 

she says. And because it’s surrounded by 

plantations, animals emigrating from other 

areas can’t easily replenish the population.  

Some officials and activists in various 

parts of Borneo are nevertheless taking ac-

tion against overhunting and illegal trade, 

with mixed success. Enforcing hunting bans 

can be a challenge. This past December, 

wildlife rangers raided an open-air market in 

the state of Sabah. They confiscated 160 kilo-

grams of unlicensed meat from sambar and 

barking deer. Angry villagers then hurled 

stones and machetes, damaging vehicles 

and injuring an officer. Many conservation 

groups shy away from confronting over-

hunting, because they don’t want to be seen 

as hurting local livelihoods. 

But some groups are helping head off 

poaching and illegal logging. For exam-

ple, staff with the HUTAN-Kinabatangan 

Orang-utan Conservation Project patrol 

part of a 26,000-hectare wildlife sanctuary 

in northeast Borneo. And some local com-

munities have stepped up as well. Sungai 

Wain Protection Forest, an upland reserve 

on the east side of Borneo, was protected 

after the nearby city of Balikpapan realized 

its importance for providing water for the 

local petroleum refinery. It retains abun-

dant wildlife, including many rare birds 

and mammals. “You don’t need a really 

great forest,” Harrison says. “What you need 

is protection from hunting.” 

As for Lambir, many think the outlook 

is gloomy, at least in the short term. But 

not long ago,  rhinoceros hornbills—the 

state emblem of Sarawak—were spotted 

in a nearby park. “I think the significance 

is huge,” Harrison says. “It suggests that if 

hunting is controlled, at least some species 

like the hornbills that can fly substantial 

distances could reestablish.” The hornbills 

might become an emblem of hope, a testa-

ment to the capacity of nature to heal. ■

Orangutans and rhinoceros hornbills are gone from Lambir, leaving only small creatures such as geckos (lower left). 
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T
he rate at which animals are vanishing from 

this planet is one of the signatures of this age, as 

sure a sign of human dominance as our impact 

on Earth’s nitrogen, phosphorus, and carbon 

cycles. This disappearance of animals from the 

world’s ecosystems is generally a by-product of 

human activity, not an intentional act. Animals 

do matter to people, but on balance, they matter less 

than food, jobs, energy, money, and development. As 

long as we continue to view animals in ecosystems as 

irrelevant to these basic demands, animals will lose.

If we accept that humans 

now shape the future of this 

planet, the future for exist-

ing and extirpated fauna 

will depend on vision as 

much as on science. What 

type of world do we want 

to pass on, and what role do 

animals have in that world?

A responsible vision 

must include the dominat-

ing influence of people on 

the planet. The near future 

is likely to include 8 to 9 bil-

lion people, 3 billion more 

people in the middle class, 

a doubling of the terres-

trial footprint of cities, and 

a transformation of global 

food and energy systems. 

A vision that includes a 

vital future for animals 

requires thinking beyond 

“restoration” and even be-

yond “rewilding.” To main-

tain the animal diversity 

of the present and restore 

the animal abundance of 

the past, we must place 

animals squarely in a world where human systems are 

integrated with functioning natural systems. We can-

not focus on recreating the ecosystems of the past—our 

impacts are making this untenable in most places—but 

we must not give up on nature or wildness, either.

To begin, we need to recognize the importance of 

animals in all socioecological systems, pristine and 

human-dominated, terrestrial and marine. When we 

consider the benefits of a world rich with animals, we 

should shift some of our focus to systems where many 

people depend on animals. As an example, 2.6 billion 

people depend on ocean animals for protein.

In addition, we will have to grapple with tricky is-

sues, such as those associated with the management 

of novel ecosystems and species substitution. There 

is also the potential application of synthetic biology, 

but the positive and negative impacts must be fully ex-

plored. How do we reduce the risks of ecosystem-level 

experimentation? When considering whether to intro-

duce a new species into a system to replace the loss of 

another, for example, we must weigh the consequences 

of no intervention against the consequences of actions 

taken to recover ecological 

function. This is not a triv-

ial exercise, as the ecologi-

cal, economic, and cultural 

impact of an animal within 

an ecosystem is dynamic, 

and often obscured by com-

plex ecological dynamics, 

shifting baselines (what a 

natural system “should” be 

like), and changing cultural 

norms. A full understand-

ing of the relevant natural 

history, as well as the values 

of the people with a stake 

in the outcome, will be es-

sential to any path forward. 

This is not entirely new ter-

ritory, as our successes and 

failures in biological con-

trol can serve as a guide.

We cannot give up on the 

difficult species—the species 

that do not coexist well with 

people and require large 

areas for their survival. 

Conservation of these 

animals will hinge on 

recognition of their full 

value—ecological, economic, and cultural—by those with 

the power to protect them. A country with many large 

animals has as much right to development as a country 

without, and thus the global community must find path-

ways that would allow communities sharing their land 

with these animals to benefit from their presence.

Defaunation is a global issue. A world without ani-

mals represents a loss to humanity as much as a loss 

to ecology.

    An animal-rich future    

Joshua J. 

Tewksbury is 

director of the Luc 

Hof mann Institute 

at the World Wide 

Fund for Nature, 

Gland, Switzerland. 

E-mail: 

jewksbury@

wwfi nt.org

OPINION

– Joshua J. Tewksbury and Haldre S. Rogers      

10.1126/science.1258601

“A vision that includes a vital 
future for animals requires 

thinking beyond ‘restoration’ 
and even beyond ‘rewilding.’ ”
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REVIEW

Defaunation in the Anthropocene
Rodolfo Dirzo,1* Hillary S. Young,2 Mauro Galetti,3 Gerardo Ceballos,4

Nick J. B. Isaac,5 Ben Collen6

We live amid a global wave of anthropogenically driven biodiversity loss: species
and population extirpations and, critically, declines in local species abundance.
Particularly, human impacts on animal biodiversity are an under-recognized form of
global environmental change. Among terrestrial vertebrates, 322 species have
become extinct since 1500, and populations of the remaining species show 25%
average decline in abundance. Invertebrate patterns are equally dire: 67% of
monitored populations show 45% mean abundance decline. Such animal declines
will cascade onto ecosystem functioning and human well-being. Much remains unknown
about this “Anthropocene defaunation”; these knowledge gaps hinder our capacity
to predict and limit defaunation impacts. Clearly, however, defaunation is both a
pervasive component of the planet’s sixth mass extinction and also a major driver of
global ecological change.

I
n the past 500 years, humans have triggered
a wave of extinction, threat, and local popu-
lation declines that may be comparable in
both rate and magnitude with the five previous
mass extinctions of Earth’s history (1). Similar

to other mass extinction events, the effects of this
“sixth extinction wave” extend across taxonomic
groups, but they are also selective, with some tax-
onomic groups and regions being particularly
affected (2). Here, we review the patterns and con-
sequences of contemporary anthropogenic impact
on terrestrial animals. We aim to portray the scope
and nature of declines of both species and abun-
dance of individuals and examine the consequences
of these declines. So profound is this problem that
we have applied the term “defaunation” to describe
it. This recent pulse of animal loss, hereafter re-
ferred to as the Anthropocene defaunation, is not
only a conspicuous consequence of human impacts
on the planet but also a primary driver of global
environmental change in its own right. In compar-
ison, we highlight the profound ecological impacts
of the much more limited extinctions, predomi-
nantly of larger vertebrates, that occurred during
the end of the last Ice Age. These extinctions al-
tered ecosystem processes and disturbance regimes
at continental scales, triggering cascades of ex-
tinction thought to still reverberate today (3, 4).
The term defaunation, used to denote the

loss of both species and populations of wildlife
(5), as well as local declines in abundance of
individuals, needs to be considered in the same

sense as deforestation, a term that is now read-
ily recognized and influential in focusing scien-
tific and general public attention on biodiversity
issues (5). However, although remote sensing
technology provides rigorous quantitative in-
formation and compelling images of the mag-
nitude, rapidity, and extent of patterns of
deforestation, defaunation remains a largely
cryptic phenomenon. It can occur even in large
protected habitats (6), and yet, some animal
species are able to persist in highly modified
habitats, making it difficult to quantify without
intensive surveys.
Analyses of the impacts of global biodiversity

loss typically base their conclusions on data de-
rived from species extinctions (1, 7, 8), and typ-
ically, evaluations of the effects of biodiversity
loss draw heavily from small-scale manipulations
of plants and small sedentary consumers (9). Both
of these approaches likely underestimate the full
impacts of biodiversity loss. Although species ex-
tinctions are of great evolutionary importance,
declines in the number of individuals in local
populations and changes in the composition of
species in a communitywill generally cause greater
immediate impacts on ecosystem function (8, 10).
Moreover, whereas the extinction of a species often
proceeds slowly (11), abundance declines within
populations to functionally extinct levels can oc-
cur rapidly (2, 12). Actual extinction events are
also hard to discern, and International Union for
Conservation of Nature (IUCN) threat categories
amalgamate symptoms of high risk, conflating
declining population and small populations so that
counts of threatened species do not necessarily
translate into extinction risk, much less ecological
impact (13). Although the magnitude and frequen-
cy of extinction events remain a potent way of
communicating conservation issues, they are only
a small part of the actual loss of biodiversity (14).

The Anthropocene defaunation process
Defaunation: A pervasive phenomenon

Of a conservatively estimated 5 million to 9 mil-
lion animal species on the planet, we are likely

losing ~11,000 to 58,000 species annually (15, 16).
However, this does not consider population ex-
tirpations and declines in animal abundance
within populations.
Across vertebrates, 16 to 33% of all species

are estimated to be globally threatened or en-
dangered (17, 18), and at least 322 vertebrate
species have become extinct since 1500 (a date
representative of onset of the recent wave of ex-
tinction; formal definition of the start of the
Anthropocene is still being debated) (table S1)
(17, 19, 20). From an abundance perspective,
vertebrate data indicate a mean decline of 28%
in number of individuals across species in the
past four decades (fig. S1, A and B) (14, 21, 22),
with populations of many iconic species such
as elephant rapidly declining toward extinc-
tion (19).
Loss of invertebrate biodiversity has received

much less attention, and data are extremely
limited. However, data suggest that the rates of
decline in numbers, species extinction, and range
contraction among terrestrial invertebrates are
at least as severe as among vertebrates (23, 24).
Although less than 1% of the 1.4 million de-
scribed invertebrate species have been assessed
for threat by the IUCN, of those assessed, ~40%
are considered threatened (17,23,24). Similarly,
IUCNdata on the status of 203 insect species in
five orders reveal vastlymore species indecline
than increasing (Fig. 1A). Likewise, for the in-
vertebrates for which trends have been evaluated
in Europe, there is a much higher proportion of
species with numbers decreasing rather than
increasing (23). Long-term distribution data on
moths and four other insect orders in the UK
show that a substantial proportion of species
have experienced severe range declines in the
past several decades (Fig. 1B) (19, 25). Globally,
long-term monitoring data on a sample of 452
invertebrate species indicate that there has been
an overall decline in abundance of individuals
since 1970 (Fig. 1C) (19). Focusing on just the
Lepidoptera (butterflies and moths), for which
the best data are available, there is strong evi-
dence of declines in abundance globally (35%
over 40 years) (Fig. 1C). Non-Lepidopteran inver-
tebrates declined considerably more, indicat-
ing that estimates of decline of invertebrates
based on Lepidoptera data alone are conserv-
ative (Fig. 1C) (19). Likewise, among pairs of
disturbed and undisturbed sites globally, Lep-
idopteran species richness is on average 7.6
times higher in undisturbed than disturbed
sites, and total abundance is 1.6 times greater
(Fig. 1D) (19).

Patterns of defaunation

Although we are beginning to understand the
patterns of species loss, we still have a limited
understanding of how compositional changes in
communities after defaunation and associated
disturbance will affect phylogenetic community
structure and phylogenetic diversity (26). Certain
lineages appear to be particularly susceptible to
human impact. For instance, among vertebrates,
more amphibians (41%) are currently considered
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threatened than birds (17%), with mammals and
reptiles experiencing intermediate threat levels (27).
Although defaunation is a global pattern,

geographic distribution patterns are also de-
cidedly nonrandom (28). In our evaluation of
mammals (1437 species) and birds (4263 spe-
cies), the number of species per 10,000 km2 in
decline (IUCN population status “decreasing”)
varied across regions from a few to 75 in mam-
mals and 125 in birds (Fig. 2), with highest
numbers in tropical regions. These trends per-
sist even after factoring in the greater species
diversity of the tropics (29, 30). Similarly, most

of 177 mammal species have lost more than 50%
of their range (9).
The use of statistical models based on life his-

tory characteristics (traits) has gained traction as
a way to understand patterns of biodiversity loss
(31). For many vertebrates, and a few inverte-
brates, there has been excellent research exam-
ining the extent to which such characteristics
correlate with threat status and extinction risk
(32–34). For example, small geographic range
size, low reproductive rates, large home range
size, and large body size recur acrossmany studies
and diverse taxa as key predictors of extinction

risk, at least among vertebrates. However, these
“extinction models” have made little impact on
conservation management, in part because trait
correlations are often idiosyncratic and context-
dependent (31).
We are increasingly aware that trait correla-

tions are generally weaker at the population level
than at the global scale (31, 35). Similarly, we now
recognize that extinction risk is often a synergistic
function of both intrinsic species traits and the
nature of threat (32, 34–37). For example, large
body size ismore important for predicting risk in
island birds than mainland birds (34) and for
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Fig. 1. Evidence of declines in invertebrate abun-
dance. (A) Of all insects with IUCN-documented
population trends, 33% are declining, with strong
variation among orders (19). (B) Trends among UK
insects (with colors indicating percent decrease
over 40 years) show30 to 60%of species perorder
have declining ranges (19). (C) Globally, a com-
piled index of all invertebrate population declines
over the past 40 years shows an overall 45% de-
cline, although decline for Lepidoptera is less severe
than for other taxa (19). (D) A meta-analysis of
effects of anthropogenic disturbance on Lepidoptera,
the best-studied invertebrate taxon, shows consid-
erable overall declines in diversity (19).
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Fig. 2. Global population declines in mammals
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nation across the globe.

  



tropical mammals than for temperate ones (36).
However, increasingly sophisticated approaches
help to predict which species are likely to be at
risk and to map latent extinction risk (38), hold-
ing great promise both for managing defauna-
tion and identifying likely patterns of ecological
impact (39). For instance, large-bodied animals
with large home ranges often play specific roles
in connecting ecosystems and transferring en-
ergy between them (40). Similarly, species with
life history characteristics that make them
robust to disturbance may be particularly com-
petent at carrying zoonotic disease and therefore
especially important at driving disease emergence
(41, 42).
The relatively well-established pattern of cor-

relation between body size and risk in mammals
creates a predictable size-selective defaunation
gradient (Fig. 3) (19, 36, 43). For instance, there
are strong differences in body mass distribu-
tions among mammals that (i) became extinct
in the Pleistocene [<50,000 years before the
present (B.P.)], (ii) went recently extinct (<5000
years B.P., Late Holocene and Anthropocene),
(iii) are currently threatened with extinction (IUCN

category “threatened” and above), and (iv) ex-
tant species not currently threatened (Fig. 3),
all showing greater vulnerability of larger-
bodied species. The myriad consequences of
such differential defaunation have been quanti-
fied via the experimental manipulation of the
large wildlife in an African savanna (Fig. 4
and table S3), revealing substantial effects on
biodiversity, ecological processes, and ecosystem
functioning.

Multiple unaddressed drivers of defaunation

The long-established major proximate drivers
of wildlife population decline and extinction in
terrestrial ecosystems—namely, overexploitation,
habitat destruction, and impacts from invasive
species—remain pervasive (18). None of these ma-
jor drivers have been effectively mitigated at the
global scale (14, 18). Rather, all show increasing
trajectories in recent decades (14). Moreover, sev-
eral newer threats have recently emerged, most
notably anthropogenic climate disruption, which
will likely soon compete with habitat loss as the
most important driver of defaunation (44). For
example, ~20% of the landbirds in the western

hemisphere are predicted to go extinct because
of climate change by 2100 (45). Disease, primarily
involving human introduced pathogens, is also a
major and growing threat (46).
Although most declining species are affected

by multiple stressors, we still have a poor under-
standing of the complex ways in which these
drivers interact and of feedback loops that may
exist (7, 11). Several examples of interactions are
alreadywell documented. For example, fragmenta-
tion increases accessibility to humans, compound-
ing threats of reduced habitat and exploitation
(47). Similarly, land-use change is making it diffi-
cult for animals to expand their distributions into
areas made suitable by climate change (25, 48).
Feedbacks among these and other drivers seem
more likely to amplify the effects of defaunation
than to dampen them (11).

Consequences of defaunation

Because animal loss represents a major change
in biodiversity, it is likely to have important ef-
fects on ecosystem functioning. A recent meta-
analyses of biodiversity-ecosystem function studies
suggests that the impact of biodiversity losses
on ecosystem functions is comparable in scale
with that of other global changes (such as pollu-
tion and nutrient deposition) (9). However, most
efforts to quantify this relationship have focused
largely on effects of reduced producer diversity,
which may typically have much lower func-
tional impacts than does consumer loss (49, 50).
Efforts to quantify effects of changes in animal
diversity on ecosystem function, particularly ter-
restrial vertebrate diversity, remain more lim-
ited (19, 51).

Impacts on ecosystem functions
and services

We examined several ecosystem functions and
services for which the impacts of defaunation
have been documented that are either a direct
result of anthropogenic extirpation of service-
providing animals or occur indirectly through
cascading effects (Fig. 5).

Pollination

Insect pollination, needed for 75% of all the
world’s food crops, is estimated to be worth
~10% of the economic value of the world’s en-
tire food supply (52). Pollinators appear to be
strongly declining globally in both abundance
and diversity (53). Declines in insect pollinator
diversity in Northern Europe in the past 30
years have, for example, been linked to strong
declines in relative abundance of plant species
reliant on those pollinators (54). Similarly, de-
clines in bird pollinators in New Zealand led to
strong pollen limitation, ultimately reducing
seed production and population regeneration
(Fig. 5H) (55).

Pest control

Observational and experimental studies show
that declines in small vertebrates frequently
lead tomultitrophic cascades, affecting herbivore
abundance, plant damage, and plant biomass (56).
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[Animal image credits: giant sloth, C. Buell; others, D. Orr]



Cumulatively, these ubiquitous small-predator
trophic cascades can have enormous impacts on a
wide variety of ecological functions, including food
production. For example, arthropod pests are re-
sponsible for 8 to 15% of the losses inmost major
food crops. Without natural biological control,
this value could increase up to 37% (57). In the
United States alone, the value of pest control by
native predators is estimated at $4.5 billion an-
nually (58).

Nutrient cycling and decomposition

The diversity of invertebrate communities, par-
ticularly their functional diversity, can have
dramatic impacts on decomposition rates and
nutrient cycling (59–61). Declines in mobile spe-
cies that move nutrients long distances have
been shown to greatly affect patterns of nutrient
distribution and cycling (62). Among large ani-
mals, Pleistocene extinctions are thought to have
changed influx of the major limiting nutrient,
phosphorus, in the Amazon by ~98%, with im-
plications persisting today (3).

Water quality
Defaunation can also affect water quality and
dynamics of freshwater systems. For instance,
global declines in amphibian populations in-
crease algae and fine detritus biomass, reduce
nitrogen uptake, and greatly reduce whole-
stream respiration (Fig. 5E) (63). Large animals,
including ungulates, hippos, and crocodiles,
prevent formation of anoxic zones through
agitation and affect water movement through
trampling (64).

Human health

Defaunation will affect human health in many
other ways via reductions in ecosystem goods
and services (65), including pharmaceutical com-
pounds, livestock species, biocontrol agents, food
resources, and disease regulation. Between 23
and 36% of all birds, mammals, and amphibians
used for food or medicine are now threatened
with extinction (14). In many parts of the world,
wild-animal food sources are a critical part of the
diet, particularly for the poor. One recent study

inMadagascar suggested that loss of wildlife as a
food source will increase anemia by 30%, leading
to increased mortality, morbidity, and learning
difficulties (66). However, although some level of
bushmeat extraction may be a sustainable ser-
vice, current levels are clearly untenable (67); ver-
tebrate populations used for food are estimated
to have declined by at least 15% since 1970 (14). As
previously detailed, food production may decline
because of reduced pollination, seed dispersal,
and insect predation. For example, loss of pest
control from ongoing bat declines in North Amer-
ica are predicted to cause more than $22 billion
in lost agricultural productivity (68). Defaunation
can also affect disease transmission in myriad
ways, including by changing the abundance, be-
havior, and competence of hosts (69). Several
studies demonstrate increases in disease preva-
lence after defaunation (41, 42, 70). However, the
impacts of defaunation on disease are far from
straightforward (71), and fewmajor humanpatho-
gens seem to fit the criteria that would make
such a relationship pervasive (71). More work is
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urgently needed to understand the mechanisms
and context-dependence of defaunation-disease
relationships in order to identify how defauna-
tion will affect human disease.

Impacts on evolutionary patterns

The effects of defaunation appear not to be
merely proximally important to the ecology of
affected species and systems but also to have
evolutionary consequences. Several studies have
detected rapid evolutionary changes in morphol-
ogy or life history of short-lived organisms (72) or
human-exploited species (73). Because defauna-
tion of vertebrates often selects on body size, and
smaller individuals are often unable to replace
fully the ecological services their larger counter-
parts provide, there is strongpotential for cascading
effects that result from changing body-size dis-
tributions (74). Still poorly studied are the indirect
evolutionary effects of defaunation on other spe-
cies, not directly affected by human defaunation.
For example, changes in abundance or compo-
sition of pollinators or seed dispersers can cause
rapid evolution in plantmating systems and seed
morphology (75, 76). There is a pressing need to

understand the ubiquity and importance of such
“evolutionary cascades” (77).

Synthesis and ways forward

This Review indicates that a widespread and per-
vasive defaunation crisis, with far-reaching con-
sequences, is upon us. These consequences have
been better recognized in the case of large mam-
mals (78, 79). Yet, defaunation is affecting smaller
and less charismatic fauna in similar ways. On-
going declines in populations of animals such as
nematodes, beetles, or bats are considerably less
evident to humans yet arguably are more func-
tionally important. Improved monitoring and
study of such taxa, particularly invertebrates,
will be critical to advance our understanding of
defaunation. Ironically, the cryptic nature of
defaunation has strong potential to soon become
very noncryptic, rivaling the impact ofmany other
forms of global change in terms of loss of eco-
system services essential for human well-being.
Although extinction remains an important evo-

lutionary impact on our planet and is a powerful
social conservation motivator, we emphasize that
defaunation is about much more than species

loss. Indeed, the effects of defaunation will be
much less about the loss of absolute diversity
than about local shifts in species compositions
and functional groups within a community (80).
Focusing on changes in diversity metrics is thus
unlikely to be effective for maintaining adequate
ecological function, and we need to focus on pre-
dicting the systematic patterns of winners and
losers in the Anthropocene and identify the traits
that characterize them because this will provide
information on the patterns and the links to
function that we can then act on.
Cumulatively, systematic defaunation clearly

threatens to fundamentally alter basic ecological
functions and is contributing to push us toward
global-scale “tipping points” from which we may
not be able to return (7). Yet despite the dramatic
rates of defaunation currently being observed,
there is stillmuch opportunity for action.Wemust
more meaningfully address immediate drivers of
defaunation: Mitigation of animal overexploita-
tion and land-use change are two feasible, imme-
diate actions that can be taken (44). These actions
can also buy necessary time to address the other
critical driver, anthropogenic climate disruption.
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cattle fodder (prairie dogs).



However, we must also address the often nonlin-
ear impacts of continued human population
growth and increasingly uneven per capita con-
sumption, which ultimately drive all these threats
(while still fostering poverty alleviation efforts).
Ultimately, both reduced andmore evenly distri-
buted global resource consumption will be neces-
sary to sustainably change ongoing trends in
defaunation and, hopefully, eventually open the
door to refaunation. If unchecked, Anthropocene
defaunation will become not only a character-
istic of the planet’s sixthmass extinction, but also
a driver of fundamental global transformations
in ecosystem functioning.
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Reversing defaunation: Restoring
species in a changing world
Philip J. Seddon,1* Christine J. Griffiths,2 Pritpal S. Soorae,3 Doug P. Armstrong4

The rate of biodiversity loss is not slowing despite global commitments, and the depletion
of animal species can reduce the stability of ecological communities. Despite this
continued loss, some substantial progress in reversing defaunation is being achieved
through the intentional movement of animals to restore populations. We review the full
spectrum of conservation translocations, from reinforcement and reintroduction to
controversial conservation introductions that seek to restore populations outside their
indigenous range or to introduce ecological replacements for extinct forms. We place the
popular, but misunderstood, concept of rewilding within this framework and consider
the future role of new technical developments such as de-extinction.

R
ecent analyses have shown that the rate
of biodiversity loss has not slowed despite
global commitments made through the
2002 Convention on Biological Diversity
(1). Projected future extinction rates for

terrestrial species might exceed current rates
of extinction (2). A key component of biodiver-
sity loss is defaunation, the loss or depletion of
animal species from ecological communities
(3, 4). Such losses can reduce the stability of

406 25 JULY 2014 • VOL 345 ISSUE 6195 sciencemag.org SCIENCE

  



ecological communities (5), with cascading ef-
fects (3).
In situ conservation measures—including the

creation and management of protected areas,
increasing connectivity between wildlife popu-
lations, and reduction of the impacts of pre-
dation and hunting—can achieve some success
where the amount of habitat remaining is suf-
ficient for viable populations (6). Increasingly,
however, more intensive forms of threatened spe-
cies management are required to address local
extinctions and impending threats to critical areas
of habitat. Progress in reversing defaunation is
emerging from conservation translocations—the
intentional movement of animals to restore pop-
ulations (7) (Fig. 1).

Population restoration: Reintroduction
and reinforcement

The intentional movement and release of ani-
mals has occurred for millennia, but the use of
translocations to address conservation objec-
tives is barely 100 years old (8). In recent decades,
there has been an increase in the number of
species that are the focus of conservation trans-
locations to restore and enhance populations;
for vertebrates alone, at least 124 species were
translocated during 1900–1992, and this had risen
to 199 species by 1998 and to 424 species by 2005
(9). Two types of translocation for population
restoration are recognized: (i) reinforcements,
involving the release of an organism into an ex-
isting population of conspecifics to enhance pop-
ulation viability, and (ii) reintroductions, where
the intent is to reestablish a population in an
area after local extinction (7) (Fig. 1). The critical
feature of these translocations is the release of
animals into their indigenous range, the known
or inferred distribution derived from historical
records or other evidence (7).
Previous work has shown that conservation

translocation projects, as with other types of
conservation management, show a marked taxo-
nomic bias toward birds (33%of projects, whereas
birds make up 18% of species represented in
nature) and mammals (41% of projects versus
8% of species), particularly the larger, more char-
ismatic species, almost irrespective of the degree
of threat or vulnerability (10). Recent data on
reinforcements show that this bias toward birds
and mammals is continuing (11). For conserva-
tion translocations in general, relatively few
invertebrate, reptile, amphibian, or fish species
are represented relative to their prevalence in
nature (Fig. 2). The global distribution of species’
translocations suggests a geographic bias also,
with most activity in developed regions (Fig. 2).
The ultimate objective of any reintroduction

is the establishment of a self-sustaining popu-
lation and, using this definition, reviews of re-

introduction outcomes have indicated generally
low success rates (12), as low as 23% (13). Con-
cern over high failure rates prompted analyses
of the factors associated with translocation suc-
cess. In 1989, the first comprehensive review
looked at the reintroduction and reinforcement
of 93 species of native birds and mammals (12).
This data set was updated, and 181 mammal and
bird programswere reanalyzed in 1998 (14). Both
studies identified habitat quality at the release
site, release into the core of a species range, and
total numbers released as determinants of suc-
cess (12, 14). An independent analysis of a broader
taxonomic range of animal translocations over
20 years highlighted the greater likelihood of
success associated with the release of wild versus
captive animals and confirmed the importance
of larger founder group sizes (13).
Reintroduced populations go through a pe-

riod of relatively small population size where the
risks of inbreeding and loss of genetic variation
is high; the challenge, therefore, is to minimize
loss of genetic variation by creating large effec-
tive population sizes (15). The key determinants
of the genetic diversity retained in a reintroduc-
tion will be the total number of founders and
the proportion contributing genetically to the
next generations (16). Thus, even when a large
population results, there might be considerable
loss of genetic diversity during the early stages
of population establishment (17), and the num-
ber of founders necessary for preservation of
genetic diversity might be substantially greater
than that required for population establishment
and growth (18). Low initial population sizesmight
also make reintroduced populations vulnerable
to Allee effects, which might have contributed to
past reintroduction failures, although this link
has not been shown (19). Reinforcement of exist-
ing populations can increase population size,
prevent Allee effects, and increase genetic diversity,
but also carries a risk of loss of local adaptation
and the introduction of pathogens, particularly
from captive breeding programs (11).
Simple classification of any reintroduction

as success or failure to result in a self-sustaining
population is of limited use because the time
scale for success evaluation is important, and
there are examples of successful projects failing
at a later stage (13). The International Union
for Conservation of Nature (IUCN) guidelines
advocate that projects make clear definitions
of success in relation to three phases of any re-
introduction: establishment, growth, and regula-
tion, with future population persistence assessed
through population viability analysis (7). Assess-
ment of success or of the causes of failure can be
made only through adequate postrelease moni-
toring (20). Monitoring is needed also to facil-
itatemeta-analyses (13), to track genetic diversity
(16), and to evaluate the performance of reintro-
duced populations and the possible impacts on
recipient ecosystems (21).

Conservation introductions

Perhaps the greatest challenge facing practi-
tioners of species or ecosystem restoration is

the definition of a target state (22). Attempts to
return a system to some historical condition
make somewhat arbitrary decisions about how
far back in time to go. Historical restoration
reference states vary according to the history
of human occupation, with pre-European set-
tlement conditions often held up as the base-
line (23). However, a desire to return to some
past state makes some assumptions, includ-
ing the implication that near-pristine condi-
tions existed in pre-European times and that
historical restoration targets will be sustain-
able with changing climate (22). It is now rec-
ognized that past species distributions do not
indicate current suitability and that current
species’ distribution does not guarantee fu-
ture suitability (24). Climate change, in tan-
dem with human-facilitated species invasions
and land transformation, contribute to the
creation of novel ecosystems: systems that dif-
fer in composition and function from past
systems (25).
If we acknowledge that restoration and main-

tenance of species within their indigenous ranges
will remain a foundation of conservation ef-
forts, the realization that a return to a com-
pletely natural world is not achievable frees us
to think about more radical types of conserva-
tion translocation. Conservation introductions
involve the movement and release of an orga-
nism outside its indigenous range (7). Two types
of conservation introduction are recognized by
the IUCN: assisted colonization and ecological
replacement (Fig. 1).

Assisted colonization

In 1985, Peters and Darling (26) suggested that
climate change might alter habitat suitability
for species confined within protected areas, ef-
fectively stranding them in increasingly unsuit-
able sites. They proposed the translocation of
individuals into new reserves encompassing hab-
itat that was or would become appropriate. Pos-
sibly because of the low profile of global climate
change, the unreliability of early predictive mod-
els of climate, and the radical nature of the pro-
posal, the idea of proactive translocation initially
gained little traction (27). However, there is grow-
ing acknowledgment that conservation manag-
ers could take action to address climate-induced
changes in species’ habitats where individuals of
affected species are unable to naturally colonize
new areas as habitat suitability shifts (28–30).
Understandably, given the devastating ecological
impact wrought by invasive species, assisted col-
onization has been greeted with extreme skep-
ticism, which has promoted a vigorous debate
in the literature (31, 32). The 2013 IUCNguidelines
define assisted colonization in broad terms as
the intentional movement of an organism out-
side its indigenous range to avoid extinction of
populations due to current or future threats (7).
Under this definition, far from being a radical
new translocation approach, assisted coloniza-
tion is already being applied as a conservation
tool in Australasia to protect, on predator-free
islands, populations of species, such as the kakapo
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(Strigops habroptilus), threatened by predation
from exotic mammalian predators in mainland
habitat (24). The creation of a disease-free pop-
ulation of Tasmanian devils (Sarcophilus harrisii)
outside the species’ indigenous range inTasmania
(33) also fits this definition.
The 2013 IUCN guidelines place great empha-

sis on feasibility and risk analysis as essential
components of any conservation translocation.
Given the uncertainties involved in moving spe-
cies outside their range, assisted colonization is
inherently more risky than “traditional” translo-
cations such as reintroductions. New approaches
for understanding and managing risk under un-
certainty are being applied to conservation in-
troduction planning, including quantitative risk
analysis (34), active adaptive management (35),
and structured decision-making (36). Where pro-
tection from threats in the indigenous range is

unfeasible and where appropriate habitat can
be identified elsewhere, application of carefully
planned assisted colonizations might become
more acceptable (37).
A critical aspect in planning for assisted co-

lonization is selection of suitable release sites
that match the biotic and abiotic needs of the
focal species (7) under future climate scenarios.
Climate-envelope models have been used to
determine species’ future habitat suitability to
guide some of the first experimental assisted
colonizations of two butterfly species to sites
~35 and ~65 km beyond their indigenous range
in northern England (38). But static bioclimatic
envelope models might not adequately account
for species’ ability to disperse or for changing
demographic processes as habitat quality shifts.
More complex integrative climate suitability
models will be required (39), although these

too can never be perfect predictors of complex
environments. Improved approaches to predict
future habitat suitability explicitly integrate
species distribution data with population dy-
namics or physiology. For example, stochastic
population modeling combined with habitat
suitability models predict how the vital rates of
hihi (Notiomystis cincta), a New Zealand en-
demic passerine, could be influenced by climate
change, with at least two populations poten-
tially at risk of extinction (40). Ecoenergetic and
hydrological models were integrated to evaluate
the long-term suitability of habitat for the West-
ern swamp tortoise (Psuedemydura umbrina) and
extended to identify new regions that would
meet the tortoise’s thermodynamic requirements
under a range of warmer and drier climates pre-
dicted by 2030 (41). Future developments around
assisted colonization planning will include the
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Are conspecifics present
in the release area?
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To improve the status of focal species

Translocation for rewilding
To restore natural ecosystem functions or processes

NO

Conservation
introduction

YES

Population
restoration

YES

Population
restoration Reintroduction

Ecological
replacement

Assisted
colonization

Reinforcement

Black stilt
Himantopus novaezelandiae

Gray wolf
Canis lupus

Aldabra tortoise
Aldabrachelys gigantea

Hamilton’s frog
Leiopelma hamiltoni

Tasmanian devil
Sarcophilus harrisii

Is the release within 
the indigenous range?

Fig. 1.The conservation translocation spectrum [based on (7)].Transloca-
tions with the primary objective of improving the status of the focal species are
a species conservation tool, and releases can take place inside or outside the
indigenous range. Releases inside the indigenous range may be for reinforce-
ments, as illustrated by the black stilt (68), or reintroductions, for example, of
amphibians, such as Hamilton’s frog (69). Releases outside the indigenous
range for species conservation are assisted colonizations, e.g.,Tasmanian devil
(33). Translocations with the primary objective of restoring ecosystem func-

tions are a component of rewilding and may include reintroductions, e.g., gray
wolf (46). Rewilding releases outside the indigenous range might be justified if
an ecological function has been lost due to extinction, e.g., dispersal of large-
seeded plants by giant tortoises (70). Releases may have both objectives, but
these should be explicitly stated as each will require specific targets and
outcomemonitoring. [Photo credits: black stilt (P. Guilford), Hamilton’s frog
(P. Bishop), Tasmanian devil (G. King), gray wolf (B. Quayle), Aldabra giant
tortoise (M.Whittaker)]

  



application of fully integrated models that com-
bine climatic suitability, habitat availability, pop-
ulation dynamics, and mechanistic movement
models of dispersal (39, 42). These may involve a
single species or two or more interacting species.

Ecological replacements

Biodiversity can increase ecosystem stability by
buffering the effects of environmental change,
resisting species invasions, and preventing sec-
ondary extinctions after species losses (43). Species
extinctions reduce interaction network diver-
sity (44) and can lead to cascading effects, in-
cluding the loss of other species and their biotic
interactions (45). Where only local extinction oc-
curs, critical ecosystem functions might be re-

instated through reintroductions; for example,
the reintroduction of wolves into Yellowstone Na-
tional Park in 1995–1996 restored direct effects
on their prey and a range of indirect effects (46).
The global extinction of a species, however, means
that restoration of functions might be achieved
only through introduction of functionally sim-
ilar exotic species.
The 2013 IUCN guidelines define ecological

replacement as a form of conservation intro-
duction involving the release of an appropriate
substitute species to reestablish an ecological
function lost through extinction. Although the
rationale for ecological replacement is differ-
ent from that of assisted colonization, the two
terms have often been used interchangeably in

the literature [e.g., (47)]. Although, in some sit-
uations, an assisted colonization to prevent
extinction of the focal species could serve in
parallel to restore an ecosystem function outside
the indigenous range (47), in many cases, the
most appropriate ecological replacements might
not be endangered species. Recognition of eco-
logical replacement as a valid conservation tool
represents a departure from the single-species
focus that once characterized conservation trans-
locations and conforms more closely to the cur-
rent global conservation emphasis on restoring
natural processes rather than addressing only
extinction risk (48).
There has been interest in the replacement of

ecological functions once performed by extinct
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inset map shows the 10 IUCN regions; west to east, these are North
America and Caribbean, Meso-America, South America, North Africa,
Central and West Africa, East and Southern Africa, West Asia and the
Middle East, Europe and the Mediterranean, Asia, and Oceania (source
iucn.org). Data on the 303 species was derived from downloadable proj-
ect summaries available at iucnsscrsg.org. Base map source: commons.
wikimedia.org



megafauna, because they would have had large
ecosystem impacts in relation to their abundance
(49, 50). The megafaunal concept must, how-
ever, be viewed as context-dependent, because
in island ecosystems, the largest native frugi-
vore may be an order of magnitude lighter than
those in continental systems, yet loss of large
island frugivores can result in more sizable
cascading effects owing to the lower functional
redundancy on islands (51). The most important
application of ecological replacements to date
has been in the restoration of herbivory and
seed dispersal functions in island ecosystems.
Extinction of large frugivores can disrupt seed
dispersal, interrupt recruitment, and reduce
genetic variation of large-seeded fleshy-fruited
plants (52); it can also drive rapid evolutionary
reduction in seed size, affecting seed surviv-
al (45). There is evidence of the ecosystem-
engineering role of giant tortoises, as tortoises
are important dispersers of large-seeded plants,
and their grazing and trampling is critical for
creating andmaintaining some vegetation com-
munities (53). To restore grazing functions and
the seed dispersal of native large-seeded plants,
exotic Aldabra giant tortoises (Aldabrachelys
gigantea) have been introduced to Mauritian
offshore islands to replace the extinct Mauri-
tian Cylindraspis species (54, 55) (Fig. 3). Not

only has seed dispersal resumed, but passage
through the tortoise gut also improves seed
germination success (55). Further projects are
planned or under way to use ecologically sim-
ilar species of giant tortoise to reinstate pro-
cesses lost with the extinction of endemic giant
tortoises in the islands of Madagascar, the
Galapagos, the Mascarenes, the Seychelles, and
the Caribbean (56).
The future challenge is the identification of suit-

able replacements to perform the desired eco-
system functions within a given system. The
longer the time since the extinction of the orig-
inal form, the greater the uncertainty about the
best substitute. The best replacements might
not be closely related taxa. If and when risk and
uncertainty are adequately evaluated, radical sub-
stitutions could be considered, such as the use
of tortoises as replacements for moa-nalo, a
group of extinct gooselike ducks, in Hawaii (57).
The focus must be more on reinstatement of
functions and processes to restore degraded eco-
systems (58) and to enhance ecosystem resilience,
rather than on restoration to some arbitrary his-
torical state. For any conservation introduction,
the risk of unintended effects must be evaluated
and weighed against the expected benefits (7).
The greatest progress will come from carefully
designed experimental substitutions using spe-

cies that can be readily monitored and managed
(58) and easily removed should the manifesta-
tion of unwanted effects reach some predeter-
mined threshold.

Rewilding

In 1998, the concept of “rewilding”was proposed
as a “fourth current in the modern conservation
movement” that would complement the protec-
tion of representative biotic elements (59). The
original concept of rewilding was built around
the keystone role played by wide-ranging, large
animals—particularly carnivores—able to main-
tain ecosystem structure, resilience, and diversity
through top-down trophic interactions (46, 59).
Rewilding would entail restoration of “big wil-
derness” through the creation and management
of large, strict, core protected areas, enhanced
connectivity between core reserves, and critical-
ly, the restoration of keystone species (59). The
term rewilding is going through a surge in pop-
ularity in the media, but its original meaning is
often misinterpreted or lost. Rewilding has been
widely and variously misused to mean: (i) the
reintroduction of any recently extirpated species;
(ii) the rehabilitation of ecosystems through re-
introductions; (iii) the return of an ecosystem
to a prehuman state; or (iv) the release of non-
native, rather than native, species. The increased
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Fig. 3. Rebuilding ecosystems by removing
invasive species and introducing ecological
replacements. The extinction (–) of keystone
ecosystem engineers, such as the Mauritian
giant tortoises (Cylindraspis species), and the
addition (+) of non-native mammalian herbivores
and invasive plants degraded (gray arrow) Round
Island’s ecosystem.The restoration phase (green
arrow) first entailed the eradication of goats and
rabbits. Without vertebrate herbivory, exotic vege-
tation flourished, suppressing native plants adapted
to tortoises’ grazing pressure. Restoration efforts
then focused on weeding invasive flora and re-
building the native plant community, although
weeding was costly and limited in spatial area. A
long-term, more cost-effective solution sought
to restore the grazing and seed dispersal func-
tions once performed by the giant tortoises. In
2007, a small population of Aldabra giant tor-
toises was introduced as part of a reversible
experiment to restore and increase ecosystem
resilience (68). Tortoises are preferentially grazing
the fast-growing exotic plants and avoiding much
of the native vegetation believed to have evolved
to withstand the high density of Mauritian giant
tortoises. [Image credits: Giant tortoise 1600s
(J. P. Hulme), giant tortoises today (Z. Ahamud),
1990s (C. Griffiths), 1972 (C. Jouanin)]
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use and misuse of the term rewilding has been
perhaps due to controversy around the proposed
introduction of megafauna to North America to
replace species lost 13,000 years ago (60). Pleis-
tocene rewilding is at its core true to the original
concept of rewilding, as it recognizes the im-
portant ecosystem-shaping role of large verte-
brates, but made a major departure by arguing
for the ecological replacement of long-extinct
species. The radical nature of the Pleistocene
rewilding concept spawned other, similarly con-
troversial suggestions—such as the introduction
of elephants to Australia to control invasive plants
(61)—but also usefully reenergized the debate
on ecological replacements as a valid conser-
vation tool.
Where does this leave rewilding as a concept?

The most valuable redefinition of rewilding re-
places the “keystone species restoration” com-
ponent with “species reintroduction to restore
ecosystem functioning” (50). More broadly though,
the restoration of ecosystem function could also
involve the introduction of ecological replace-
ments (50). This harmonizes rewilding with the
current conservation translocation framework
(Fig. 1). There is a distinction between translo-
cation for species conservation—where the pri-
mary objective is to improve the status of the
focal species through reinforcement, reintroduc-
tion, or assisted colonization—and translocation
for rewilding—where the objective is to restore
natural ecosystem functions or processes. Trans-
location for rewilding could entail population
restoration through reintroduction, where re-
leases occur in the indigenous range with the
primary aim of restoring some ecological func-
tion. A rewilding translocation could also take
the form of a conservation introduction through
ecological replacement using suitable substi-
tute species.
In its original form, rewilding was seen as a

way to restore wilderness, the implication being
that there would be large areas of land where
human influence was minimal and ongoing
management interventions unnecessary. The
restoration of keystone species would facil-
itate the recovery of other “habitat-creating”
species and the recovery of natural disturbance
regimes (59). Oostvaardersplassen (OVP) is a
6000-ha state-owned polder 40 km north of
Amsterdam, Netherlands. In the 1980s, the
ecologist Frans Vera began to recreate an
ecosystem shaped by grazing of large ungu-
lates (62), unregulated by large predators. Red
deer (Cervus elaphus) were released, along with
back-bred Konik horses (Equus ferus caballus),
and the domestic descendants of the Auroch,
Heck cattle, as replacements for extinct Auroch
(Bos primigenius) and Tarpan (Equs przewalski
gmelini). Rather than seeking the preserva-
tion or restoration of indigenous biodiver-
sity, OVP is one manifestation of a European
vision of rewilding, as the restoration of eco-
logical processes to create untamed landscapes
reminiscent of ecological conditions at the end
of the Pleistocene (63). The challenge is uncer-
tainty over the emergent properties and climax

equilibrium vegetation of the area, but the em-
phasis is on minimizing human interventions.
However, restoration that aspires to exclude

human influence and activity has been chal-
lenged as being unobtainable or unsustainable.
The positive average annual population growth
rates for the larger carnivores, the golden jackal
(Canis aureus), gray wolf (Canis lupus), Eurasian
lynx (Lynx lynx), Iberian lynx (Lynx pardinus),
and wolverine (Gulo gulo), in Europe between
1961 and 2005 (64), for example, has shifted
emphasis away from preventing extinctions and
prompted thinking toward future planning un-
der a new model of coexistence between preda-
tors and humans over large spatial scales (65).
This reshaping of rewilding acknowledges that
humans are an integral part of, not apart from,
nature and recasts the retrospective goals of re-
storing “wilderness” as future-oriented visions
of creating “wildness” in which ecological pro-
cesses, such as predator-prey interactions, are
managed within landscapes shared by humans
and wildlife (65).

Future prospects and implications

With official IUCN recognition of a spectrum
of conservation translocation tools, the empha-
sis has now shifted to how best to apply these
approaches to maximize conservation benefit
while minimizing the risk of unintended con-
sequences. Particularly for the inherently more
uncertain conservation introductions, the focus
needs to be on development and application of
rigorous methods to match species to habitats
while evaluating risk. The IUCN guidelines (7)
provide a framework for dealing with the com-
plexities of conservation translocations and are
sufficiently comprehensive to be able to accom-
modate new developments. The prospect of
species de-extinction, the resurrection of extinct
species using selective breeding or the clonal
technologies of synthetic biology potentially
broadens the range of species and associated
processes wemight seek to restore. De-extinction
of multiple species will occur at some future
time, but one question that must be addressed is
which species? Because the goals of de-extinction
relate to ecological enrichment, selection of de-
extinction candidates should be guided by the
feasibility and risks of their release into suitable
habitat (66).
Daniel Pauly (67) called attention to “shifting

baselines” in fisheries—a concept extended to
encompass the gradual attrition in people’s ex-
pectations of what the natural world around
them should look like, whereby each genera-
tion grows up within a slightly more impo-
verished natural biodiversity. Defaunation is
a major contributing factor to this extinction
of experience. Translocations for the restora-
tion of populations of threatened species, for
reestablishment of ecological functions and
processes, and for the re-creation of wildness
provide a foundation for resetting public aspi-
rations for biodiversity. Conservation trans-
location projects provide a powerful means to
reconnect people with their natural heritage,

to engage them as conservation partners, and
tomake them stewards of the wild animals and
habitats around them.
Part of this reconnection with nature will en-

tail a new appreciation of the concept of wild,
moving away from increasingly unobtainable
concepts of self-sustaining wildlife populations
within pristine landscapes untouched by human
influence. We are moving instead toward under-
standing the value of restoring and sustaining
species and their habitats, possibly in novel con-
figurations, with ongoingmanagement, andwith
the needs of humans both acknowledged and
integrated.
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RNA FUNCTION

Problems making 
proteins kills nerve cells
Neurodegeneration is associ-

ated with a variety of different 

diseases, but its cellular roots 

are often obscure. Ishimura 

et al. find that mutant mice 

whose brain cells start to die 

rapidly soon after birth have 

lost the function of two vital 

cellular components (see the 

Perspective by Darnell). The 

first is a protein that releases 

stalled ribosomes stuck on 

messenger RNA (mRNA); 

the second is a transfer RNA 

(tRNA), which reads the code 

for arginine in the mRNA. This 

tRNA is expressed predomi-

nantly in the central nervous 

system. The lack of the tRNA 

leads to increased ribosomal 

stalling at arginine codons, 

which, when left uncorrected, 

Edited by Stella Hurtley
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RESEARCH
How tropomodulin binds and 
caps the pointed end of actin 
Rao et al. p. 463

blocks protein synthesis and 

proves fatal. — GR

Science, this issue p. 455; 
see also p. 378

CYSTIC FIBROSIS

In CF, two drugs are 
no better than one    
Cystic fibrosis (CF), a disabling 

lung disease, is caused by 

mutations in a protein called 

CFTR, which acts as a channel to 

move chloride ions into and out of 

cells. Ivacaftor, the only targeted 

drug available, does not work well 

for the severest, most common 

form of disease. Cholon et al.

and Veit et al. now explain why 

efforts to improve CF treatment 

by combining ivacaftor with 

new drugs have failed. Ivacaftor 

increases mutant CFTR’s activity, 

but it only works when CFTR 

is on the cell surface. The new 

drugs under development bring 

mutant CFTR to the surface, but 

combining the two types of drugs 

has not been effective because 

ivacaftor also makes CFTR less 

stable, so cells remove it quickly 

from their membranes. — YN

Sci. Transl. Med. 6, 246ra96, 
246ra97 (2014).

METAMATERIALS

To cast no shadow 
in a murky medium
Cloaks can hide objects from 

view, but what about their shad-

ows? Schittny et al. devised a 

cloak to remove even the shadow 

of an object embedded in a 

murky medium in front of a com-

puter screen (see the Perspective 

by Smith). They engineered a 

core-shell structure within which 

an object could be hidden and 

tailored the optical properties 

of the cloak to match that of the 

medium. Light was routed around 

the cloak, leaving no trace of the 

hidden object. — ISO

Science, this issue p. 427; 
see also p. 384

CELL BIOLOGY

Changing skin cells in 
development with TGF-β
Transforming growth factor–β

(TGF-β) makes some cells stop 

dividing, separate from one 

another, and start migrating. This 

process, called the epithelial-to-

mesenchymal transition, occurs 

during normal development 

and can help cancers progress. 

D’Souza et al. cultured skin cells 

and measured changes in their 

proteins as they underwent this 

process. TGF-β caused thou-

sands of protein changes that 

varied depending on how long 

DINOSAUR EVOLUTION

Feathers, not just
for the birds?

T
heropod dinosaurs, 

thought to be the direct 

ancestors of birds, 

sported birdlike feath-

ers. But were they the 

only feathery dino group? 

Godefroit et al. describe an 

early neornithischian dinosaur 

with both early feathers and 

scales. This seemingly feath-

ery nontheropod dinosaur 

shows that feathers were not 

unique to the ancestors of 

birds and may even have been 

quite widespread. — SNV
Science, this issue p. 451

nd
d end of a

Artist’s view 

of the new species

Published by AAAS
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cells were exposed to TGF-β. The 

protein changes correlated with 

changes in cell behavior. The 

authors modeled the network of 

interacting proteins affected by 

TGF-β, creating a road map that 

can explain how TGF-β influences 

cell behavior. — JDB

Sci. Signal. 7, rs5 (2014).

QUANTUM METROLOGY

Subtle entanglement 
in an atomic cloud 
In the quantum world, atoms 

can be correlated with each 

other—“entangled”—which 

reduces the uncertainty in the 

knowledge of some of their 

properties. Physicists then use 

this reduced uncertainty to per-

form precision measurements.  

Strobel et al. made an unusual 

type of entangled state consist-

ing of hundreds of ultracold Rb 

atoms. These methods may in 

the future be able to generate 

states that will be more useful in 

precision measurement. — JS 

Science, this issue p. 424

EXOPLANET DETECTION

Tricky star plays 
sleight-of-light
Two signatures in starlight 

thought to be written by extra-

solar planets may turn out to 

be forgeries. Astronomers often 

attribute periodic shifts in a 

star’s apparent motion toward 

and away from us to the tug of 

orbiting planets. Robertson et 

al. studied archival spectra of 

the star Gliese 581 to assess 

Edited by Kristen Mueller 

and Jesse Smith
IN OTHER JOURNALS

OPTICAL IMAGING

Stealthy spying 
on a moving target
Ghost imaging can create an 

image of a moving target without 

the target ever knowing that it is 

being watched. The traditional 

way to observe an object, either 

stationary or in motion, is to illu-

minate it and use the light that it 

reflects or scatters to create an 

image on a detector such as a 

camera. However, the observa-

tion of the object can itself be 

detected, which compromises 

the stealth of the process. Ghost 

imaging, a technique that forms 

an image with photons that have 

never even come into contact 

with the object, has been used to 

detect objects at rest, and now 

Li et al. show that it also can be 

used to reconstruct the image 

of moving targets, such as the 

small wafer that they use in their 

demonstration. — ISO

Appl. Phys. Lett. 104, 251120 (2014).

TRANSCRIPTION

TRF2 gets transcription 
started, too 
Transcribing DNA into RNA 

involves an intricate dance of 

proteins and nucleic acids. 

Transcription starts at specific 

promoter sequences near 

genes, including one called the 

TATA box. For most genes, a 

protein called TBP binds to the 

another potential cause: 

magnetic activity on the 

star’s surface. The signals 

once attributed to two planet 

candidates instead resulted 

from the combined effect of 

starspots and stellar rotation. 

Planet hunters be warned—cor-

rect for stellar activity in your 

data analyses. — MMM

Science, this issue p. 440

INDUCED EARTHQUAKES

Wastewater disposal 
linked to earthquakes
The number of earthquakes is 

increasing in regions with active 

unconventional oil and gas 

wells, where water pumped at 

high pressure breaks open rock 

containing natural gas, leaving 

behind wastewater in need of dis-

posing. Keranen et al. show that 

the steep rise in earthquakes in 

Oklahoma, USA, is likely caused 

by fluid migration from wastewa-

ter disposal wells. Twenty percent 

of the earthquakes in the central 

United States could be attributed 

to just four of the wells. Injected 

fluids in high-volume wells trig-

gered earthquakes over 30 km 

away. — NW

Science, this issue p. 448

CLATHRIN ADAPTORS

A membrane-activated 
switch to bind clathrin
Clathrin-mediated endocyto-

sis—the process by which cells 

take up nutrients and signals 

within clathrin-coated vesicles— 

is very well understood.  Kelly et 

al. reveal an unanticipated layer 

of regulation in this process. The 

proteins AP2 and clathrin are 

the major constituents of endo-

cytic clathrin-coated vesicles. 

AP2 and clathrin stick together 

through a clathrin-binding motif 

in AP2. The authors now show 

that AP2’s clathrin-binding motif 

is normally buried within the 

core of the AP2 protein.  AP2 

only ejects its clathrin-binding 

motif and recruits clathrin if it is 

associated with the correct cell 

membrane and an endocytic 

cargo. — SMH

Science, this issue p. 459

The common 

marmoset has 

a sequenced 

genome

Planetary system 

in Gliese 581
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GENOMICS

Marmoset DNA shows why it’s small 

A 
New World monkey joins a growing list of primate 

species with sequenced genomes, improving 

genomicists’ ability to tell what genes make pri-

mates—and humans—unique. Brazil’s common 

marmoset is unusual among primates: It is 

tiny—the size of a guinea pig—and always produces 

twins. During development, the twins share placental 

blood supply; afte r birth, each carries stem cells from the 

other that produce foreign blood cells with no ill effect. The 

Marmoset Genome Sequencing and Analysis Consortium 

fouwnd five genes likely involved in making the monkey 

small and eight genes that may help it adjust its metabolism 

and temperature control to deal with being tiny. — EP

Nat. Genet. 10.1038/ng.3042 (2014).

Published by AAAS
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A structural approach to 
species interactions
What determines the stability of 

ecological networks? Rohr et al. 

devised a conceptual approach 

to study interactions between 

species that emphasizes the role 

of network structure (see the 

Perspective by Pawar). Using the 

example of mutualistic networks 

of communities of plants and 

their pollinator species, they show 

how the structure of networks 

can determine the persistence of 

the interactions. Network struc-

tures and architectures observed 

in nature intrinsically match 

the most stable solution. This 

approach has promise for appli-

cation to questions of ecological 

community stability under global 

change. — AMS

Science, this issue p. 416; 

see also p. 383

DUAL CATALYSIS

A bright outlook for 
carbon coupling
In contemporary organic chem-

istry, it is straightforward to 

forge bonds between unsatu-

rated carbons (i.e., carbons 

already engaged in double 

bonds) using cross-coupling 

catalysis. The protocol runs 

into some trouble, however, if 

one or both starting carbon 

centers are saturated (purely 

single-bonded). Tellis et al. 

and Zuo et al. independently 

found that combining a second, 

light-activated catalyst with a 

nickel cross-coupling catalyst 

could achieve selective coupling 

of saturated and unsaturated 

reagents (see the Perspective 

by Lloyd-Jones and Ball). Their 

methods rely on single-electron 

transfer from the light-activated 

catalyst to the saturated carbon, 

thereby enhancing its reactivity 

more effectively than the two-

electron mechanisms prevailing 

in traditional protocols. — JSY

Science, this issue p. 433, p. 437; see 

also p. 381

QUANTUM COMPUTING

How to benchmark a 
quantum computer
Quantum machines offer the 

possibility of performing certain 

computations much faster than 

their classical counterparts. 

However, how to define and 

measure quantum speedup is 

a topic of debate. RØnnow et 

al. describe methods for fairly 

evaluating the difference in 

computational power between 

classical and quantum proces-

sors. They define various types 

of quantum speedup and con-

sider quantum processors that 

are designed to solve a specific 

class of problems. — ISO

Science, this issue p. 420

ULTRAFAST OPTICS

Toward the control of 
light with light
Optic fibers form the backbone 

of the communications sector 

and carry huge amounts of data 

around the globe. Nissim et al. 

show that small perturbations 

within the core of a fiber give rise 

to interactions between photons. 

The strength of the interaction 

could be controlled by carefully 

characterizing and splicing 

together different lengths of 

fiber. The interactions between 

the photons were enhanced so 

that a strong signal beam could 

be switched off with just a few 

photons. — ISO

Science, this issue p. 417

QUANTUM SIMULATION

Characterization of a 
quantum simulator
Ultracold gases can be used to 

simulate the behavior of more 

complicated systems, such as 

solid materials. Senko et al. 

developed a method similar to 

nuclear magnetic resonance 

that can be used to validate 

the properties of such simula-

tors. They demonstrated the 

method on an array of interact-

ing trapped ions that simulate 

magnetism. A modulated mag-

netic field resonantly enhanced 

the transfer of the population 

between the different configura-

tions of the system. The authors 

varied the modulation frequency 

to measure the energy of each 

configuration and mapped the 

effective interactions. — JS  

Science, this issue p. 430

PALEOCLIMATE

Climates conspire together 
to make big changes
The regional climates of the 

North Pacific and North Atlantic 

fluttered between synchrony and 

asynchrony during the last degla-

ciation, with correspondingly 

more and less intense effects on 

the rest of the world, research-

ers have found. The climate 

system can be highly nonlinear, 

meaning that small changes in 

one part can lead to much larger 

changes elsewhere. This type 

of behavior is especially evident 

during transitions from glacial to 

interglacial conditions, when cli-

mate is affected by a wide variety 

of time-varying influences and 

is relatively unstable. Praetorius 

and Mix present a record of North 

Pacific climate over the past 

18,000 years.  When the climates 

of the more local high-latitude 

Pacific and Atlantic sectors varied 

in parallel, large, abrupt climate 

fluctuations occurred on a more 

global scale. — HJS

Science, this issue p. 444

ACTIN CYTOSKELETON

Making tropomodulin find 
the right point
Actin filaments are a key 

component of the cell’s 

cytoskeleton. Actin filaments 

have a characteristic polarized 

architecture with a so-called 

barbed end and a pointed end—

so described because of how 

the filaments look under the 

electron microscope when they 

are coated with tropomyosin. 

Rao et al. describe crystal struc-

tures of a protein that uniquely 

binds and caps the pointed end 

of actin filaments. This protein, 

tropomodulin, binds to several 

actin subunits and to a couple 

of tropomyosin molecules, 

which generates a high-affinity 

specific cap to the filaments by 

combining low-affinity interac-

tions. — SMH

Science, this issue p. 463

Edited by Stella Hurtley
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INTRODUCTION: Several major develop-

ments in theoretical ecology have relied 

on either dynamical stability or numeri-

cal simulations, but oftentimes, they have 

found contradictory results. This is partly a 

result of not rigorously checking either the 

assumption that a steady state is feasible—

meaning, all species have constant and 

positive abundances—or the dependence 

of results to model parameterization. 

Here, we extend the concept of structural 

stability to community ecology in order to 

account for these two problems. Specifi-

cally, we studied the set of conditions lead-

ing to the stable coexistence of all species 

within a community. This shifts the ques-

tion from asking whether we can find a 

feasible equilibrium point for a fixed set 

of parameter values, to asking how large 

is the range of parameter values that are 

compatible with the stable coexistence of 

all species.

RATIONALE: We begin by disentangling 

the conditions of global stability from the 

conditions of feasibility of a steady state in 

ecological systems. To quantify the domain 

of stable coexistence, 

we first find its center 

(the structural vec-

tor of intrinsic growth 

rates). Next, we deter-

mine the boundaries 

of such a domain by 

quantifying the amount of variation from 

the structural vector tolerated before one 

species goes extinct. Through this two-step 

approach, we disentangle the effects of the 

size of the feasibility domain from how 

close a solution is to its boundary, which 

is at the heart of previous contradictory 

results. We illustrate our method by explor-

ing how the observed architecture of mutu-

alistic networks between plants and their 

pollinators or seed dispersers affects their 

domain of stable coexistence.

RESULTS: First, we determined the net-

work architecture that maximizes the 

structural stability of mutualistic systems. 

This corresponds to networks with a maxi-

mal level of nestedness, a small trade-off 

between the number and intensity of inter-

actions a species has, and a high level of 

mutualistic strength within the constraints 

of global stability. Second, we found that 

the large majority of observed mutual-

istic networks are close to this optimum 

network architecture, maximizing the 

range of parameters that are compatible 

with species coexistence.

CONCLUSION: Structural stability has 

played a major role in several fields such 

as evolutionary developmental biology, in 

which it has brought the view that some 

morphological structures are more com-

mon than others because they are compat-

ible with a wider range of developmental 

conditions. In community ecology, structural 

stability is the sort of framework needed to 

study the consequences of global environ-

mental change—by definition, large and di-

rectional—on species coexistence. Structural 

stability will serve to assess both the range of 

variability a given community can withstand 

and why some community patterns are more 

widespread than others. ■ 

On the structural stability 
of mutualistic systems
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The architecture of plant-animal mutualistic networks modulates the range of condi-

tions leading to the stable coexistence of all species. The area of the dif erent domains 

represents the structural stability of a model of mutualistic communities with a given network 

architecture. The nested networks observed in nature—illustrated here by the network at the 

bottom—lead to a maxi mum structural stability. 
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On the structural stability of
mutualistic systems
Rudolf P. Rohr,1,2* Serguei Saavedra,1* Jordi Bascompte1†

In theoretical ecology, traditional studies based on dynamical stability and numerical
simulations have not found a unified answer to the effect of network architecture on
community persistence. Here, we introduce a mathematical framework based on the
concept of structural stability to explain such a disparity of results. We investigated the
range of conditions necessary for the stable coexistence of all species in mutualistic
systems. We show that the apparently contradictory conclusions reached by previous
studies arise as a consequence of overseeing either the necessary conditions for
persistence or its dependence on model parameterization.We show that observed network
architectures maximize the range of conditions for species coexistence. We discuss the
applicability of structural stability to study other types of interspecific interactions.

A
prevailing question in ecology [particularly
since May’s seminal work in the early 1970s
(1)] is whether, given an observed number
of species and their interactions, there are
ways to organize those interactions that

lead to more persistent communities. Conven-
tionally, studies addressing this question have
either looked into local stability or used numer-
ical simulations (2–4). However, these studies
have not yet found a unified answer (1, 5–12).
Therefore, the current challenge is to develop a
general framework in order to provide a uni-
fied assessment of the implications of the archi-
tectural patterns of the networks we observe in
nature.

Main approaches in theoretical ecology

Dynamical stability and feasibility

Studies based on the mathematical notions of
local stability, D-stability, and global stability
have advanced our knowledge on what makes
ecological communities stable. In particular, these
studies explore how interaction strengths need
to be distributed across species so that an as-
sumed feasible equilibrium point can be stable
(1–4, 13–17). By definition, a feasible equilibrium
point is that in which all species have a constant
positive abundance across time. A negative abun-
dance makes no sense biologically, and an abun-
dance of zero would correspond to an extinct
species.
The dynamical stability of a feasible equilib-

rium point corresponds to the conditions under
which the system returns to the equilibriumpoint

after a perturbation in species abundance. Local
stability, for instance, looks at whether a system
will return to an assumed feasible equilibrium
after an infinitesimally small perturbation (1–3, 13).
D-stability, in turn, looks at the local stability of
any potential feasible equilibrium that the system
may have (15–17). More generally, global stability
looks at the stability of any potential feasible
equilibrium point after a perturbation of any
given amplitude (14–17). A technical definition of
these different types of dynamical stability and
their relationship is provided in (18).
In most of these stability studies, however, a

feasible equilibrium point is always assumed
without rigorously studying the set of conditions
allowing its existence (5, 14, 15, 19). Yet in any
given system, we can find examples in which we
satisfy only one, both, or none of the feasibility
and stability conditions (3, 16, 17, 19). This means
that without a proper consideration of the fea-
sibility conditions, any conclusion for studying
the stable coexistence of species is based on a
system that may or may not exist (3, 5, 19).
To illustrate this point, consider the following

textbook example of a two-species competition
system

dN1

dt
¼ N1ða1 − b11N1 − b12N2Þ

dN2

dt
¼ N2ða2 − b21N1 − b22N2Þ

8><>: ð1Þ

where N1 and N2 are the abundances of species
1 and 2; b11 and b22 are their intraspecific com-
petition strengths; b12 and b21 are their inter-
specific competition strengths; and a1 and a2 are
their intrinsic growth rates. An equilibrium point
of the system is a pair of abundancesN*

1 and N*
2

that makes the right side of the ordinary differ-
ential equation system equal to zero.
Although the only condition necessary to guar-

antee the global stability of any feasible equilib-
rium point in this system is that the interspecific

competition strengths are lower than the in-
traspecific ones (b12b21 < b11b22), the feasibility

conditions are given byN*
1 ¼ b22a1 − b12a2

b11b22 − b12b21
> 0 and

N*
2 ¼ b11a2 − b21a1

b11b22 − b12b21
> 0 (3, 4, 19). This implies that

if we set, for example, b11 = b22 = 1, b12 = b21 = 0.5,
a1 = 1 , and a2 = 2, we fulfill the stability condition
but not the feasibility condition, whereas if we set
b11 = b22 = 0.5, b12 = b21 = 1, and a1 = a2 = 1, we can
satisfy the feasibility condition but not the sta-
bility one. To have a stable and feasible equi-
librium point, we need to set, for instance, b11 =
b22 = 1, b12 = b21 = 0.5, and a1 = a2 = 1 (a graphical
illustration is provided in Fig. 1).
The example above confirms the importance

of verifying both the stability and the feasibility
conditions of the equilibrium point when analyz-
ing the stable coexistence of species (3–5, 19). Of
course, we can always fine-tune the parameter
values of intrinsic growth rates so that the sys-
tem is feasible (16, 17). This strategy, for example,
has been used when studying the success prob-
ability of an invasive species (20). However, when
fixing the parameter values of intrinsic growth
rates, we are not anymore studying the overall
effect of interspecific interactions on the stable
coexistence of species. Rather, we are answering
the question of how interspecific interactions in-
crease the persistence of species for a given param-
eterization of intrinsic growth rates. As we will
show below, this is also the core of the problem in
studies that are based on arbitrary numerical
simulations.

Numerical simulations

Numerical simulations have provided an alter-
native and useful tool with which to explore spe-
cies coexistence in large ecological systems in
which analytical solutions are precluded (3). With
this approach, one has as a prerequisite to param-
eterize the dynamical model, or a least to have a
good estimate of the statistical distribution from
which these parameters should be sampled. How-
ever, if one chooses an arbitrary parameterization
without an empirical justification, any study
has a high chance of being inconclusive for real
ecosystems because species persistence is strongly
dependent on the chosen parameterization.
To illustrate this point, we simulated the dy-

namics of an ecological model (6) with three
different parameterizations of intrinsic growth
rates (21). Additionally, these simulations were
performed over an observedmutualistic network
of interactions between flowering plants and their
pollinators located in Hickling Norfolk, UK (ta-
ble S1), a randomized version of this observed
network, and the observed network without mu-
tualistic interactions (we assume that there is only
competition among plants and among animals).
As shown in Fig. 2, it is possible to find a set of
intrinsic growth rates so that any network that
we analyze is completely persistent and, at the
same time, the alternative networks are less
persistent.
This observation has two important implica-

tions. First, this means that by using different
parameterizations for the same dynamicalmodel
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and network of interactions, one can observe from
all to a few of the species surviving. Second, this
means that each network has a limited range of
parameter values under which all species coexist.
Thus, by studying a specific parameterization, for
instance, one could wrongly conclude that a ran-
dom network has a greater effect on community
persistence than that of an observed network, or
vice versa (10–12). This sensitivity to parameter
values clearly illustrates that the conclusions
that arise from studies that use arbitrary values
in intrinsic growth rates are not about the ef-
fects of network architecture on species coex-
istence, but about which network architecture
maximizes species persistence for that specific
parameterization.
Traditional studies focusing on either local

stability or numerical simulations can lead to
apparently contradictory results. Therefore, we
need a different conceptual framework to unify
results and seek for appropriate generalizations.

Structural stability

Structural stability has been a general mathema-
tical approach with which to study the behavior
of dynamical systems. A system is considered to
be structurally stable if any smooth change in the
model itself or in the value of its parameters does
not change its dynamical behavior (such as the
existence of equilibrium points, limit cycles, or
deterministic chaos) (22–25). In the context of
ecology, an interesting behavior is the stable
coexistence of species—the existence of an equi-
librium point that is feasible and dynamically
stable. For instance, in our previous two-species
competition system there is a restricted area in
the parameter space of intrinsic growth rates
that leads to a globally stable and feasible solu-
tion as long as r < 1 (Fig. 3, white area). The
higher the competition strength r, the larger the
size of this restricted area (Fig. 3) (19, 26). There-
fore, a relevant question here is not only whether
or not the system is structurally stable, but how
large is the domain in the parameter space lead-
ing to the stable coexistence of species.
To address the above question, we recast the

mathematical definition of structural stability to
that in which a system is more structurally sta-
ble, the greater the area of parameter values
leading to both a dynamically stable and feasible
equilibrium (27–29). This means that a highly
structurally stable ecological system is more like-
ly to be stable and feasible by handling a wider
range of conditions before the first species be-
comes extinct. Previous studies have used this
approach in low-dimensional ecological systems
(3, 19). Yet because of its complexity, almost no
study has fully developed this rigorous analysis
for a systemwith an arbitrary number of species.
An exception has been the use of structural sta-
bility to calculate an upper bound to the number
of species that can coexist in a given community
(6, 30).
Here, we introduce this extended concept of

structural stability into community ecology in
order to study the extent to which network
architecture—strength and organization of inter-

specific interactions—modulates the range of con-
ditions compatible with the stable coexistence
of species. As an empirical application of our
framework, we studied the structural stability
of mutualistic systems and applied it on a data
set of 23 quantitative mutualistic networks
(table S1). We surmise that observed network
architectures increase the structural stability
and in turn the likelihood of species coex-
istence as a function of the possible set of con-
ditions in an ecological system. We discuss the
applicability of our framework to other types of
interspecific interactions in complex ecological
systems.

Structural stability of mutualistic systems

Mutualistic networks are formed by themutually
beneficial interactions between flowering plants

and their pollinators or seed dispersers (31).
These mutualistic networks have been shown to
share a nested architectural pattern (32). This
nested architecturemeans that typically, themu-
tualistic interactions of specialist species are pro-
per subsets of the interactions of more generalist
species (32). Although it has been repeatedly
shown that this nested architecture may arise
from a combination of life history and comple-
mentarity constraints among species (32–35), the
effect of this nested architecture on community
persistence continues to be a matter of strong
debate. On the one hand, it has been shown that
a nested architecture can facilitate the mainte-
nance of species coexistence (6), exhibit a flexible
response to environmental disturbances (7, 8, 36),
andmaximize total abundance (12). On the other
hand, it has also been suggested that this nested

1253497-2 25 JULY 2014 • VOL 345 ISSUE 6195 sciencemag.org SCIENCE

Fig. 1. Stability and feasibility of a two-species competition system. For the same parameters of
competition strength (which grant the global stability of any feasible equilibrium), (A to C) represent the
two isoclines of the system.Their intersection gives the equilibrium point of the system (3, 19). Scenario
(A) leads to a feasible equilibrium (both species have positive abundances at equilibrium), whereas
in scenarios (B) and (C), the equilibrium is not feasible (one species has a negative abundance at
equilibrium). (D) represents the area of feasibility in the parameter space of intrinsic growth rates, under
the condition of global stability. This means that when the intrinsic growth rates of species are chosen
within the white area, the equilibrium point is globally stable and feasible. In contrast, when the intrinsic
growth rates of species are chosen within the green area, the equilibrium point is not feasible. Points “A,”
“B,” and “C” indicate the parameter values corresponding to (A) to (C), respectively.
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architecture canminimize local stability (9), have
a negative effect on community persistence (10),
and have a low resilience to perturbations (12).
Not surprisingly, the majority of these studies
have been based on either local stability or nu-
merical simulations with arbitrary parameter-
izations [but, see (6)].

Model of mutualism

To study the structural stability and explain the
apparently contradictory results found in studies

ofmutualistic networks, we first need to introduce
an appropriate model describing the dynamics
between and within plants and animals. We use
the same set of differential equations as in (6).
We chose these dynamics because they are sim-
ple enough to provide analytical insights and yet
complex enough to incorporate key elements—
such as saturating, functional responses (37, 38)
and interspecific competitionwithin a guild (6)—
recently adduced as necessary ingredients for a
reasonable theoretical exploration of mutualistic

interactions. Specifically, the dynamical model
has the following form

dPi

dt
¼ Pi aðPÞi − ∑ jb

ðPÞ
ij Pj þ

∑ jg
ðPÞ
ij Aj

1þ h∑ jg
ðPÞ
ij Aj

 !
dAi

dt
¼ Ai aðAÞi − ∑ jb

ðAÞ
ij Aj þ

∑ jg
ðAÞ
ij Pj

1þ h∑ jg
ðAÞ
ij Pj

 !
8>>>>><>>>>>:

ð2Þ

where the variables Pi and Ai denote the abun-
dance of plant and animal species i, respectively.

SCIENCE sciencemag.org 25 JULY 2014 • VOL 345 ISSUE 6195 1253497-3

Fig. 2. Numerical analysis of species persistence as a function of model
parameterization. This figure shows the simulated dynamics of species
abundance and the fraction of surviving species (positive abundance at the
end of the simulation) using the mutualistic model of (6). Simulations are
performed by using an empirical network located in Hickling, Norfolk, UK
(table S1), a randomized version of this network using the probabilistic model

of (32), and the network without mutualism (only competition). Each row
corresponds to a different set of growth rate values. It is always possible to
choose the intrinsic growth rates so that all species are persistent in each of
the three scenarios, and at the same time, the community persistence
defined as the fraction of surviving species is lower in the alternative
scenarios.
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The parameters of this mutualistic system cor-
respond to the values describing intrinsic growth
rates (ai), intra-guild competition (bij), the bene-
fit received via mutualistic interactions (gij), and
the saturating constant of the beneficial effect of
mutualism (h), commonly known as the hand-
ling time. Because our main focus is on mutual-
istic interactions, we keep as simple as possible
the competitive interactions for the sake of ana-
lytical tractability. In the absence of empirical
information about interspecific competition,
we use a mean field approximation for the
competition parameters (6), where we set
bðPÞii ¼ bðAÞii ¼ 1 and bðPÞij ¼ bðAÞij ¼ r < 1 (i ≠ j).
Following (39), the mutualistic benefit can be

further disentangled by gij ¼ ðg0yijÞ=ðkdi Þ, where
yij = 1 if species i and j interact and zero other-
wise, ki is the number of interactions of species
i, g0 represents the level of mutualistic strength,
and d corresponds to the mutualistic trade-off.
The mutualistic strength is the per capita effect
of a certain species on the per capita growth rate
of their mutualistic partners. The mutualistic
trade-off modulates the extent to which a species
that interactswith fewother species does it strongly,
whereas a species that interacts with many part-
ners does it weakly. This trade-off has been jus-
tified on empirical grounds (40, 41). The degree
to which interspecific interactions yij are orga-
nized into a nested way can be quantified by the
value of nestedness N introduced in (42).
We are interested in quantifying the extent to

which network architecture (the combination of
mutualistic strength, mutualistic trade-off, and
nestedness)modulates the set of conditions com-
patible with the stable coexistence of all species—
the structural stability. In the next sections, we
explain how this problem can be split into two
parts. First, we explain how the stability condi-
tions can be disentangled from the feasibility
conditions as it has already been shown for the
two-species competition system. Specifically, we
show that below a critical level of mutualistic
strength (g0 < gr0), any feasible equilibrium point
is granted to be globally stable. Second, we ex-
plain how network architecture modulates the
domain in the parameter space of intrinsic growth
rates, leading to a feasible equilibrium under the
constraints of being globally stable (given by the
level of mutualistic strength).

Stability condition

We investigated the conditions in our dynamical sys-
tem that any feasible equilibrium point needs to sat-
isfy to be globally stable. To derive these conditions,
we started by studying the linear Lotka-Volterra ap-
proximation (h = 0) of the dynamical model (Eq. 2).
In this linear approximation, the model reads"
dP

dt
dA
dt

#
¼ diag

P
A

� �� �

�

 
aðPÞ

aðAÞ

� �
− bðPÞ −gðPÞ

−gðAÞ bðAÞ

� �
︸:¼B

P
A

� �!
ð3Þ

where the matrix B is a two-by-two block matrix
embedding all the interaction strengths.
Conveniently, the global stability of a feasible

equilibrium point in this linear Lotka-Volterra
model has already been studied (14–17, 43). Par-
ticularly relevant to this work is that an inter-
action matrix that is Lyapunov–diagonally stable
grants the global stability of any potential fea-
sible equilibrium (14–18).
Although it ismathematically difficult to verify

the condition for Lyapunov diagonal stability, it
is known that for some classes of matrices,
Lyapunov stability and Lyapunov diagonal sta-
bility are equivalent conditions (44). Symmetric
matrices and Z-matrices (matrices whose off-
diagonal elements are nonpositive) belong to
those classes of equivalent matrices. Our interac-
tion strength matrix B is either symmetric when
the mutualistic trade-off is zero (d = 0) or is a
Z-matrix when the interspecific competition
is zero (r = 0). This means that as long as the
real parts of all eigenvalues of B are positive
(18), any feasible equilibrium point is globally
stable. For instance, in the case of r < 1 and g0 =

0, the interaction matrix B is symmetric and
Lyapunov–diagonally stable because its eigen-
values are 1 – r, (SA – 1)r + 1, and (SP – 1)r + 1.
For r > 0 and d > 0, there are no analytical

results yet demonstrating that Lyapunov diago-
nal stability is equivalent to Lyapunov stability.
However, after intensive numerical simulations
we conjecture that the twomain consequences of
Lyapunov diagonal stability hold (45). Specifi-
cally, we state the following conjectures: Conjec-
ture 1: If B is Lyapunov-stable, then B isD-stable.
Conjecture 2: If B is Lyapunov-stable, then any
feasible equilibrium is globally stable.
We found that for any givenmutualistic trade-

off and interspecific competition, the higher the
level ofmutualistic strength, the smaller themax-
imum real part of the eigenvalues of B (45). This
means that there is a critical value of mutualistic
strength (g0

r) so that above this level, thematrix B
is not any more Lyapunov-stable. To compute gr0,
we need only to find the critical value of g0 at
which the real part of one of the eigenvalues of
the interaction-strength matrix reaches zero (45).
This implies that at least below this critical value
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Fig. 3. Structural stability in a two-species competition system.The figure shows how the range of
intrinsic growth rates leading to the stable coexistence of the two species (white region) changes as a
function of the competition strength. (A to D) Decreasing interspecific competition increases the area of
feasibility, and in turn, the structural stability of the system. Here, b11 = b22 = 1, and b12 = b21 = r. Our goal is
extending this analysis to realistic networks of species interactions.
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g0 < g0
r, any feasible equilibrium is granted to be

locally and globally stable according to conjec-
tures 1 and 2, respectively. We can also grant the
global stability of matrix B by the condition of
being positive definite, which is even stronger
than Lyapunov diagonal stability (14). However,
this condition imposes stronger constraints on
the critical value ofmutualistic strength than does
Lyapunov stability (39).
Last, we studied the stability conditions for the

nonlinear Lotka-Volterra system (Eq. 2). Although
the theory has been developed for the linear
Lotka-Volterra system, it can be extended to the
nonlinear dynamical system. To grant the stabil-
ity of any feasible equilibrium (Pi > 0 and Ai > 0
for all i) in the nonlinear system, we need to
show that the above stability conditions hold on
the following two-by-two block matrix (14, 43)

Bnl : ¼
bðPÞij −

gðPÞij

1þ h∑kg
ðPÞ
ik Ak

−
gðAÞij

1þ h∑kg
ðAÞ
ik Pk

bðAÞij

266664
377775
ð4Þ

Bnl differs from B only in the off-diagonal block
with a decreased mutualistic strength. This im-
plies that the critical value of mutualistic strength
for the nonlinear Lotka-Volterra system is larger
than or equal to the critical value for the linear
system (45). Therefore, the critical value g0

r derived
from the linear Lotka-Volterra system (from the
matrix B) is already a sufficient condition to grant
the global stability of any feasible equilibrium in
the nonlinear case. However, this does not imply
that above this critical value of mutualistic

strength, a feasible equilibrium is unstable. In
fact, when the mutualistic-interaction terms are
saturated (h > 0), it is possible to have feasible
and locally stable equilibria for any level of mu-
tualistic strength (39, 45).

Feasibility condition

We highlight that for any interaction strength
matrix B, whether it is stable or not, it is always
possible to find a set of intrinsic growth rates
so that the system is feasible (Fig. 2). To find
this set of values, we need only to choose a
feasible equilibrium point so that the abun-
dance of all species is greater than zero (A*i > 0
and P*j > 0) and find the vector of intrinsic
growth rates so that the right side of Eq. 2 is

equal to zero: aðPÞi ¼ ∑ jb
ðPÞ
ij P*j −

∑ jg
ðPÞ
ij A*j

1 þ h∑ jg
ðPÞ
ij A*j

and aðAÞi ¼ ∑ jb
ðAÞ
ij A*j −

∑ jg
ðAÞ
ij P*j

1 þ h∑ jg
ðAÞ
ij P*j

. This recon-

firms that the stability and feasibility conditions
are different and that they need to be rigorously
verified when studying the stable coexistence of
species (3, 16, 17, 19). This also highlights that the
relevant question is not whether we can find a
feasible equilibrium point, but how large is the
domain of intrinsic growth rates leading to a
feasible and stable equilibrium point. We call
this domain the feasibility domain.
Because the parameter space of intrinsic growth

rates is substantially large (RS, where S is the
total number of species), an exhaustive numeri-
cal search of the feasibility domain is impossible.
However, we can analytically estimate the center
of this domain with what we call the structural
vector of intrinsic growth rates. For example, in

the two-species competition system of Fig. 4A
the structural vector is the vector (in red), which
is in the center of the domain leading to fea-
sibility of the equilibrium point (white region).
Any vector of intrinsic growth rates collinear to
the structural vector guarantees the feasibility of
the equilibrium point—that is, guarantees spe-
cies coexistence. Because the structural vector is
the center of the feasibility domain, then it is also
the vector that can tolerate the strongest devia-
tion before leaving the feasibility domain—that
is, before having at least one species going extinct.
In mutualistic systems, we need to find one

structural vector for animals and another for plants.
These structural vectors are the set of intrinsic
growth rates that allow the strongest perturba-
tions before leaving the feasibility domain. To
find these structural vectors, we had to transform
the interaction-strength matrix B to an effective
competition framework (45). This results in an
effective competition matrix for plants and a dif-
ferent one for animals (6), in which thesematrices
represent respectively the apparent competition
amongplants and among animals, once taking into
account the indirect effect via theirmutualistic part-
ners. With a nonzero mutualistic trade-off (d > 0),
the effective competition matrices are nonsymmet-
ric, and in order to find the structural vectors, we
have to use the singular decomposition approach—
a generalization of the eigenvalue decomposition.
This results in a left and a right structural vector
for plants and for animals in the effective compe-
tition framework. Last, we need tomove back from
the effective competition framework in order to
obtain a left and right vector for plants (aðPÞL and
aðPÞR ) and animals (aðAÞL and aðAÞR ) in the observed
mutualistic framework. The full derivation is
provided in the supplementary materials (45).
Once we locate the center of the feasibility

domain with the structural vectors, we can ap-
proximate the boundaries of this domain by
quantifying the amount of variation from the
structural vectors allowed by the system before
having any of the species going extinct—that is,
before losing the feasibility of the system. To
quantify this amount, we introduced propor-
tional random perturbations to the structural
vectors, numerically generated the new equilib-
rium points (21), and measured the angle or the
deviation between the structural vectors and the
perturbed vectors (a graphical example is provided
in Fig. 4A). The deviation from the structural vec-
tors is quantified, for the plants, by hP (a

(P)) = [1 −
cos(y(P)L)cos(y

(P)
R)]/[cos(y

(P)
L)cos(y

(P)
R)], where y

(P)
L and

y(P)R are, respectively, the angles between a(P)

and a(P)L and between a(P) and a(P)R. The pa-
rameter a(P) is any perturbed vector of intrinsic
growth rates of plants. The deviation from the
structural vector of animals is computed similarly.
As shown in Fig. 4B, the greater the deviation

of the perturbed intrinsic growth rates from the
structural vectors, the lower is the fraction of
surviving species. This confirms that there is a
restricted domain of intrinsic growth rates cen-
tered on the structural vectors compatible with
the stable coexistence of species. The greater the
tolerated deviation from the structural vectors
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Fig. 4. Deviation from the structural vector and community persistence. (A) The structural vector
of intrinsic growth rates (in red) for the two-species competition system of Fig. 1. The structural vector is
the vector in the center of the domain leading to the feasibility of the equilibrium point (white region) and
thus can tolerate the largest deviation before any of the species go extinct. The deviation between the
structural vector and any other vector (blue) is quantified by the angle between them. (B) The effect of
the deviation from the structural vector on intrinsic growth rates on community persistence defined as
the fraction of model-generated surviving species. The example corresponds to an observed network
located in North Carolina, USA (table S1), with a mutualistic trade-off d = 0.5 and a maximum level of
mutualistic strength g0 = 0.2402. Blue symbols represent the community persistence, and the surface
represents the fit of a logistic regression (R2 = 0.88).
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within which all species coexist, the greater the
feasibility domain, and in turn the greater the
structural stability of the system.

Network architecture and
structural stability

To investigate the extent to which network
architecture modulates the structural stability of
mutualistic systems, we explored the combina-
tion of alternative network architectures (combi-
nations of nestedness, mutualistic strength, and
mutualistic trade-off) and their corresponding
feasibility domains.
To explore these combinations, for each ob-

served mutualistic network (table S1) we ob-
tained 250 different model-generated nested
architectures by using an exhaustive resampling
model (46) that preserves the number of species
and the expected number of interactions (45).
Theoretically, nestedness ranges from 0 to 1 (42).
However, if one imposes architectural constraints
such as preserving the number of species and
interactions, the effective range of nestedness
that the network can exhibit may be smaller (45).
Additionally, each individual model-generated
nested architecture is combined with different
levels of mutualistic trade-off d andmutualistic
strength g0. For the mutualistic trade-off, we ex-
plored values d ∈ [0, ..., 1.5] with steps of 0.05 that
allow us to explore sublinear, linear, and super-
linear trade-offs. The case d = 0 is equivalent to
the soft mean field approximation studied in (6).
For each combination of network of interactions
and mutualistic trade-off, there is a specific crit-
ical value gr0 in the level of mutualism strength
g0 up to which any feasible equilibrium is glob-
ally stable. This critical value gr0 is dependent on
the mutualistic trade-off and nestedness. However,
the mean mutualistic strength g ¼ 〈gij〉 shows no
pattern as a function of mutualistic trade-off and
nestedness (45). Therefore, we explored values of
g0 ∈ ½0; :::; gr0� with steps of 0.05 and calculated
the new generated mean mutualistic strengths.
This produced a total of 250 × 589 different net-
work architectures (nestedness, mutualistic trade-
off, and mean mutualistic strength) for each
observed mutualistic network.
We quantified how the structural stability (fea-

sibility domain) ismodulated by these alternative
network architectures in the following way. First,
we computed the structural vectors of intrinsic
growth rates that grant the existence of a feasible
equilibrium of each alternative network archi-
tecture. Second, we introduced proportional ran-
dom perturbations to the structural vectors of
intrinsic growth rates andmeasured the angle or
deviation (h(A), h(P)) between the structural vectors
and the perturbed vectors. Third, we simulated
species abundance using the mutualistic model
of (6) and the perturbed growth rates as intrinsic
growth rate parameter values (21). These devia-
tions lead to parameter domains from all to a few
species surviving (Fig. 4).
Last, we quantified the extent to which net-

work architecture modulates structural stability
by looking at the association of community per-
sistence with network architecture parameters,

once taking into account the effect of intrinsic
growth rates. Specifically, we studied this asso-
ciation using the partial fitted values from a
binomial regression (47) of the fraction of sur-
viving species on nestedness (N), mean mutual-
istic strength (g), and mutualistic trade-off (d),
while controlling for the deviations from the struc-
tural vectors of intrinsic growth rates (h(A), h(P)).
The full description of this binomial regression and
the calculation of partial fitted values are provided
in (48). These partial fitted values are the contri-
bution of network architecture to the logit of the
probability of species persistence, and in turn,
these values are positively proportional to the size
of the feasibility domain.

Results

We analyzed each observed mutualistic network
independently because network architecture is

constrained to the properties of each mutualistic
system (11). For a given pollination system lo-
cated in the KwaZulu-Natal region of South
Africa, the extent to which its network archi-
tecturemodulates structural stability is shown in
Fig. 5. Specifically, the partial fitted values are
plotted as a function of network architecture. As
shown in Fig. 5A, not all architectural combina-
tions have the same structural stability. In par-
ticular, the architectures that maximize structural
stability (reddish/darker regions) correspond to
the following properties: (i) a maximal level of
nestedness, (ii) a small (sublinear) mutualistic
trade-off, and (iii) a high level of mutualistic
strength within the constraint of any feasible
solution being globally stable (49).
A similar pattern is present in all 23 observed

mutualistic networks (45). For instance, using
three different levels of interspecific competition
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Fig. 5. Structural stability in complexmutualistic systems. For an observedmutualistic systemwith 9
plants, 56 animals, and 103 mutualistic interactions located in the grassland asclepiads in South Africa
(table S1) (58), (A) corresponds to the effect—colored by partial fitted residuals—of the combination of
different architectural values (nestedness, mean mutualistic strength, and mutualistic trade-off) on the
domain of structural stability. The reddish/darker the color, the larger the parameter space that is
compatible with the stable coexistence of all species, and in turn the larger the domain of structural
stability. (B), (C), and (D) correspond to different slices of (A). Slice (B) corresponds to ameanmutualistic
strength of 0.21, slice (C) corresponds to the observed mutualistic trade-off, and slice (D) corresponds to
the observed nestedness. Solid lines correspond to the observed values of nestedness and mutualistic
trade-offs.
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(r = 0.2, 0.4, 0.6), we always find that structural
stability is positively associated with nestedness
andmutualistic strength (45). Similarly, structur-
al stability is always associated with the mutual-
istic trade-off by a quadratic function, leading
quite often to an optimal value for maximizing
structural stability (45). These findings reveal
that under the given characterization of inter-
specific competition, there is a general pattern of

network architecture that increases the struc-
tural stability of mutualistic systems.
Yet, one question remains to be answered: Is

the network architecture that we observe in
nature close to the maximum feasibility domain
of parameter space under which species coexist?
To answer this question, we compared the ob-
served network architecture with theoretical
predictions. To extract the observed network

architecture, we computed the observed nested-
ness from the observed binary interactionmatrices
(table S1) following (42). The observed mutual-
istic trade-off d is estimated from the observed
number of visits of pollinators or fruits con-
sumed by seed-dispersers to flowering plants
(41, 50, 51). The full details on how to compute
the observed trade-off is provided in (52). Be-
cause there is no empirical data on the relation-
ship between competition andmutualistic strength
that could allow us to extract the observed mu-
tualistic strength g0, our results on nestedness
and mutualistic trade-off are calculated across
different levels of mean mutualistic strength.
As shown in Fig. 5, B to D, the observed

network (blue solid lines) of the mutualistic sys-
tem located in the grassland asclepiads of South
Africa actually appears to have an architecture
close to the one that maximizes the feasibility
domain under which species coexist (reddish/
darker region). To formally quantify the degree
to which each observed network architecture is
maximizing the set of conditions under which
species coexist, we compared the net effect of the
observed network architecture on structural sta-
bility against the maximum possible net effect.
The maximum net effect is calculated in three
steps.
First, as outlined in the previous section, we

computed the partial fitted values of the effect
of alternative network architectures on species
persistence (48). Second, we extracted the range
of nestedness allowed by the network given the
number of species and interactions in the sys-
tem (45). Third, we computed themaximumnet
effect of network architecture on structural
stability by finding the difference between the
maximum and minimum partial fitted values
within the allowed range of nestedness and
mutualistic trade-off between d ∈ [0, ..., 1.5]. All
the observed mutualistic trade-offs have values
between d ∈ [0, ..., 1.5]. Last, the net effect of the
observed network architecture on structural
stability corresponds to the difference between
the partial fitted values for the observed archi-
tecture and the minimum partial fitted values
extracted in the third step described above.
Looking across different levels of mean mutu-

alistic strength, in themajority of cases (18 out of
23, P = 0.004, binomial test) the observed net-
work architectures induce more than half the
value of the maximum net effect on structural
stability (Fig. 6, red solid line). These findings
reveal that observed network architectures tend
to maximize the range of parameter space—
structural stability—for species coexistence.

Structural stability of systems with
other interaction types

In this section, we explain how our structural
stability framework can be applied to other types
of interspecific interactions in complex ecologi-
cal systems. We first explain how structural sta-
bility can be applied to competitive interactions.
We proceed by discussing how this competitive
approach can be used to study trophic inter-
actions in food webs.
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Fig. 6. Net effect of network architecture on structural stability. For each of the 23 observed
networks (table S1), we show how close the observed feasibility domain (partial fitted residuals) is as a
function of the network architecture to the theoretical maximal feasibility domain. The network ar-
chitecture is given by the combination of nestedness and mutualistic trade-off (x axis) across different
values of mean mutualistic strength (y axis). The solid red and dashed black lines correspond to the
maximum net effect and observed net effect, respectively. In 18 out of 23 networks (indicated by
asterisks), the observed architecture exhibits more than half the value of the maximum net effect (gray
regions).The net effect of each network architecture is system-dependent and cannot be used to compare
across networks.
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For a competition systemwith an arbitrary num-
ber of species, we can assume a standard set of dy-
namical equations givenby dNi

dt ¼ Niðai − ∑jbijN jÞ,
where ai > 0 is the intrinsic growth rate, bij > 0
is the competition interaction strength, and Ni

is the abundance of species i. Recall that the
Lyapunov diagonal stability of the interaction
matrix bwould imply the global stability of any
feasible equilibrium point. However, in nonsym-
metric competition matrices Lyapunov stability
does not always imply Lyapunov diagonal sta-
bility (53). This establishes that we should work
with a restricted class of competition matrices
such as the ones derived from the niche space of
(54). Indeed, it has been demonstrated that this
class of competition matrices are Lyapunov diag-
onally stable and that this stability is inde-
pendent of the number of species (55). For a
competition systemwith a symmetric interaction-
strength matrix, the structural vector is equal to
its leading eigenvector. For other appropriate
classes of matrices, we can compute the struc-
tural vectors in the same way as we did with the
effective competition matrices of our mutualistic
model and numerically simulate the feasibility
domain of the competition system. In general,
following this approach we can verify that the
lower the average interspecific competition, the
higher is the feasibility domain, and in turn,
the higher is the structural stability of the com-
petition system.
In the case of predator-prey interactions in

food webs, so far there is no analytical work
demonstrating the conditions for a Lyapunov–
diagonally stable system and how this is linked
to its Lyapunov stability. Moreover, the compu-
tation of the structural vector of an antagonistic
system is not a straightforward task. However,
we may have a first insight about how the net-
work architecture of antagonistic systems mod-
ulates their structural stability by transforming a
two-trophic–level food web into a competition
system among predators. Using this transforma-
tion, we are able to verify that the higher the
compartmentalization of a food web, then the
higher is its structural stability. There is no uni-
versal rule to study the structural stability of
complex ecological systems. Each type of inter-
action poses their own challenges as a function
of their specific population dynamics.

Discussion

We have investigated the extent to which differ-
ent network architectures of mutualistic systems
can provide a wider range of conditions under
which species coexist. This research question is
completely different from the question of which
network architectures are aligned to a fixed set of
conditions. Previous numerical analyses based on
arbitrary parameterizations were indirectly ask-
ing the latter, and previous studies based on local
stability were not rigorously verifying the actual
coexistence of species. Of course, if there is a
good empirical or scientific reason to use a spe-
cific parameterization, then we should take ad-
vantage of this. However, because the set of
conditions present in a community can be constant-

ly changing because of stochasticity, adaptive
mechanisms, or global environmental change,
we believe that understanding which network
architectures can increase the structural stability
of a community becomes a relevant question.
Indeed, this is a question much more aligned
with the challenge of assessing the consequences
of global environmental change—by definition,
directional and large—than with the alternative
framework of linear stability, which focuses on
the responses of a steady state to infinitesimally
small perturbations.
We advocate structural stability as an integra-

tive approach to provide a general assessment of
the implications of network architecture across
ecological systems. Our findings show that many
of the observed mutualistic network architec-
tures tend to maximize the domain of parameter
space under which species coexist. This means
that inmutualistic systems, having both a nested
network architecture and a small mutualistic
trade-off is one of the most favorable structures
for community persistence. Our predictions could
be tested experimentally by exploring whether
communities with an observed network archi-
tecture that maximizes structural stability stand
higher values of perturbation. Similarly, our re-
sults open up new questions, such as what the
reported associations between network architec-
ture and structural stability tell us about the
evolutionary processes and pressures occurring
in ecological systems.
Although the framework of structural stability

has not been as dominant in theoretical ecology
as has the concept of local stability, it has a long
tradition in other fields of research (29). For
example, structural stability has been key in evo-
lutionary developmental biology to articulate the
view of evolution as the modification of a con-
served developmental program (27, 28). Thus,
some morphological structures are much more
common than others because they are compatible
with a wider range of developmental conditions.
This provided a more mechanistic understand-
ing of the generation of form and shape through
evolution (56) than that provided by a historical,
functionalist view. We believe ecology can also
benefit from this structuralist view. The analo-
gous question here would assess whether the
invariance of network architecture across diverse
environmental and biotic conditions is due to
the fact that such a network structure is the one
increasing the likelihood of species coexistence
in an ever-changing world.
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ULTRAFAST OPTICS

Ultrafast optical control by few
photons in engineered fiber
R. Nissim,* A. Pejkic,* E. Myslivets, B. P. Kuo, N. Alic, S. Radic†

Fast control of a strong optical beam by a few photons is an outstanding challenge that
limits the performance of quantum sensors and optical processing devices.We report that
a fast and efficient optical gate can be realized in an optical fiber that has been engineered
with molecular-scale accuracy. Highly efficient, distributed phase-matched photon-photon
interaction was achieved in the fiber with locally controlled, nanometer-scale core
variations. A three-photon input was used to manipulate a Watt-scale beam at a speed
exceeding 500 gigahertz. In addition to very fast beam control, the results provide a path
to developing a new class of sensitive receivers capable of operating at very high rates.

T
he prospect of light-wave digital processors
hasmotivated a decades-long pursuit of the
optical transistor (1–4). The optical gate
should control an intense beamwith only a
few photons (3) and be fast. Intuitively, by

replacing electron carriers with massless pho-
tons, faster switching can be expected (3). Al-
though desirable, the original transistor analogy
also faces fundamental differences between light-
wave and electronic carriers. Where electrons are
easily manipulated in submicrometer structures
(5), the interaction between photons is extremely
weak (6). This weakness is countered by strong-
field (7) or highly nonlinearmaterial (8) serving as
a photon-photon mediator. In practice, spatial (7)
or spectral (2, 4, 8) resonances are necessary to
efficiently manipulate photons. Recent experiments
(1, 2, 4, 7, 8) have shown that direct, few-photon
control is viable and can lead to transistor-like
behavior. Unfortunately, the operating frequen-
cies remain orders of magnitude below the
terahertz rate relevant to light-wave communica-
tion. Resonant engineering, used to increase
interaction efficiency, also induces spectral inhi-
bition: Although very efficient, resonant devices
are inherently slow (3).
However, an efficient optical gate can, at least

in principle, also be fast if the nonlinear mech-
anism mediating photon-photon interaction re-
mains spectrally uninhibited. Four-photon mixing
(FPM) in a Kerr material (9, 10) is an example of
such interaction: It is both fast (11) and efficient
in waveguides with a large product of non-
linearity g and length L (11). In this regard,
silica fiber represents a nearly ideal physical
platform:With optical lossa below0.0003 dB/m,
its exceptional transparency (12) means that
kilometer-scale interaction lengths can be used
to offset the weak glass nonlinearity (12, 13) and

guarantee a gL product in excess of 100W−1. This
advantage (14) can be fully realized only if phase
matching is controlled by local dispersion (15).
Unfortunately, local fiber dispersion, defined by
its transverse geometry, varies a lot with small
core fluctuations (16) (Fig. 1). Until recently, control
of such small variations was not considered fea-
sible (15), particularly over long scales.
We show that silica fiber core can be controlled

with subnanometer precision and be used for fast,

few-photon control. We find that the strongest
interaction between few- andmany-photon beams
does not occur in ideal, constant core fibers.
Instead, the optimal photon control requires a
small but finite and specific core variation com-
parable to the size of a silicon-oxygen molecular
ring (16). To demonstrate the feasibility of such
distributed, microscopically controlled photon-
photon interaction, we switched a 1.49-W beam
by using a classically attenuated, 520-GHz band-
width pulse containing an average of three pho-
tons. These measurements reveal that FPM in a
fiber with a unique core profile is a nonreciprocal
process, contrary to the well-established no-
tion of directional invariance in passive wave-
guides (17).
In the simplified notion of few-photon control

of a strong beam (Fig. 2A), weak input signal
induces depletion of the many-photon pump via
phase-matched FPM. Parametric mixing annihi-
lates pump photons and recreates them at new
(signal/idler) frequencies. In ideal fiber with
constant core radius r, the instantaneous pump
power P(z) defines the local gain peak as sep-
aration between the pump (wP) and signal (ws)
frequencies W ¼ wS − wP ~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PðzÞ=rp

(12). With
signal amplification, the pump is depleted and
the maximum-gain frequencyW is shifted away
from the signal. In contrast, when phase match-
ing is controlled locally, the maximum-gain fre-
quency W can be maintained even when the
pump is depleted (Fig. 2B). To adjust the phase
matching, the fiber core can be adjusted to
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Fig. 1. Four-photon mixing in ideal (A) and physical (B) fiber waveguides. (A) An ideal fiber has a
constant transverse geometry, and the phase matching imposed on pump kP, signal kI, and idler kS wave
vectors 2kP −kS −kI ¼ Dk results in spatially invariant dispersion Dk(w) (inset). With weak signal and
strong pump inputs, sufficiently long phase-matched nonlinear fiber leads to complete pump depletion
POUT ∼ 0. (B) In a physical fiber, the core size fluctuates, with the fundamental limit set by the diameter
of the Si-O molecular ring. This variation leads to a Dk(w, z) that randomly fluctuates along the fiber
(inset). Stochastic phase matching results in random, suboptimal pump depletion.



adapt to the depleted pump power andmaintain
the optimal pump-signal frequency separation:
W ~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PðzÞ=rðzÞp ¼ constant, where r(z) repre-

sents a unique core variation function. This
simple model, while establishing the need for
local core control, is also inaccurate because it
does not account for the higher-order mixing
products generated in efficient FPM interac-
tion (13). To describe such a many-beam pho-
ton exchange in a spatially varying nonlinear
waveguide, it is necessary to use the nonlinear
Schrodinger (NLS) model (13).
The NLS model indeed predicts the existence

of an optimum core fluctuation (Fig. 2C). The
extinction ratio (ER), defined as the ratio of the
output pump power in the absence of the input
signal to the output pump power in the presence
of the input signal, was calculated for a fiber en-
semble with randomly generated core variations.
Similar to physical fibers (12), ensemble mem-
bers differed at the nanometer scale: Each had
unique local dispersion defined by random core
variations and limited by standard deviation s
below 5 nm. To illustrate this important notion,
consider two fibers that are identical in terms of
global parameters but also possess the same
standard core variation s = 2.2 nm (Fig. 2C,
inset). Althoughmacroscopically indistinguishable,
the two samples possess drastically different
switching performance. In the first sample, a
300-nW signal depletes a 4.5 × 106 times
stronger (1.39 W) beam efficiently (ER = 12.3 dB),
with no effect in the second sample (ER = 0.3 dB).
This extreme sensitivity to core fluctuations is
even more remarkable when viewed in the con-
text of glass structure: Its basic building block,
the Si-O molecular ring, has a 0.6-nm diameter
(16) and defines the ultimate precision with
which physical fiber core can be realized. Un-
fortunately, Fig. 2C implies that even if one suc-
ceeds in fabricating fiber with molecular-scale
transverse precision (∼1 nm), this would still
not guarantee the ability to build a few-photon
switch. Facing this fundamental limit, it would
appear that few-photon control in silica fiber is
not feasible, even in principle. However, recent
progress made in fiber measurement now allows
both core selection (18) and synthesis (19) with
subnanometer precision.
Although the localized stress technique can

generate an arbitrary core variation profile (19),
it can also perturb the native birefringence of the
fiber. We therefore avoided this path in order to
decouple the stochastic dispersion from any in-
ducedpolarizationeffects. The fabrication-imposed
limit was instead circumvented by selecting spe-
cific fiber segments with the desired core variation.
Following this idea, it is necessary to first measure,
with subnanometer precision, a fiber that is much
longer than the switching device length. The ability
to perform such a measurement in a nondestruc-
tive manner and over a long scale was established
by a countercolliding Brillouin scanning technique
(18). First, kilometers of fiber samples were mea-
sured and core variations were recorded to gen-
erate a nanoscale signature library. Although a
necessary step, this alone was not sufficient to

engineer an optimum few-photon FPM inter-
action. A specific core fluctuation profile corre-
sponding to the maximum pump depletion
also had to be identified. This was guided by a
coupled-mode calculation (13) predicting that
a strong (1.5 W) pump can be depleted by a
100-nW signal if the gPL-product exceeds 10.
The search for the optimum core variation was

constrained by the requirement that the FPM
occurs in a fiber shorter than L ∼ 10/15W−1 km−1/
1 W ∼ 600 m, with the assumption of standard
confinement (g ∼ 15 W−1 km−1). The calculation
resulted in a unique core variation profile that
indeed could be closely approximated by com-
bining two distinct fiber sections from the core
fluctuation library (Fig. 3).
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Fig. 2. Four-photon mixing in fibers with nanometer-scale core variations. (A) Maximum parametric
gain in a homogeneous fiber is defined by the instantaneous pump power P. With pump depletion, the
gain peak shifts away from the signal S at frequency wS, preventing further pump-signal photon transfer.
The shaded area represents the magnitude of parametric gain. (B) By varying the core size, local phase
matching can be controlled to maintain the gain peak position even when the pump is depleted. (C) ER
calculated by the nonlinear Schrodinger model. Each point represents a unique core variation function.

Fig. 3. Photon switching in fiber with optimal core. (A) Calculated (dotted) and measured (solid) core
variation functions selected for few-photon switching experiments. Core variation is plotted as a deviation
from the mean core size. The unique core variation was created by combining two distinct fiber sections
identified from the measurement library; the splice was applied at z = 245.2 m. (B) Experimental
schematics for static and fast switching characterization. A CW laser (pump) was combined with
classically attenuated weak CW or pulsed signal and launched into the nonlinear fiber.
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Subsequently, we investigated the efficiency
and speed of few-photon control. In the first set
of measurements, the depletion of a high-power
pump seeded by a small continuous wave (CW)
signal was characterized. To eliminate any effect
of Brillouin scattering, the high-power CWpump
was converted into quasi-CW, 1-ns pulse with
1.59-W peak power. The pump depletion map
(Fig. 4A) illustrates the static transfer character-
istics of the photon gate when the pump was
centered at 1554 nm. The static measurement
accuracy (T0.065 dB) imposed the minimum
observable depletion level, limiting the smallest
input signal power to 30 nW during the mea-
surement. To estimate the maximum bandwidth
of the control signal pulse, we consider a 1-dB
pump depletion level that is ~10 times above the
measurement accuracy. For an input control
power of 178 nW, the signal can be tuned over
520 GHz (line N1 in Fig. 4A) while maintaining
the minimum 1-dB pump depletion level. This
underestimates the true pump depletion level:
The 178-nW signal positioned in the middle of
this frequency range (point P in Fig. 4A) will lead
to higher (∼2 dB) pump depletion. However, even
with this constraint, it is possible to estimate the
minimum photon number in the control pulse
allowed by this fiber: A 2.5-ps-long pulse with
peak power of 178 nW contains less than three
photons, indicating the feasibility of few-photon
switching at a 500-GHz rate.

The same experimental architecture was used
to test the nonreciprocity hypothesis of this work
by inverting the physical direction of the FPM
interaction. Indeed, if a unique core variation
function leads to optimum photon switching,
then a directionally inverted process would be
suboptimal. Consequently, the input and output
ports of the fiber were swapped, and the CW
depletionmapwasmeasured again (Fig. 4B). We
note the striking differences between the re-
sponses shown in Fig. 4, A and B, with respect to
both the maximum pump depletion and the
depletion-bandwidth product.
Although useful in estimating the performance

of few-photon control, these static depletion
measurements alone cannot accurately quantify
the ultrafast switching response because wide
signal bandwidth precludes the assumption of
monochromatic phase matching. Consequently,
in the second set of measurements, we inves-
tigated the pump depletion induced by an ultra-
fast signal. To approach the maximum bandwidth
predicted by the 1-dB static depletion measure-
ment, a 2.45-ps pulse was generated using a
continuously tunable, cavity-less source (see the
supplementary materials), attenuated, and used
to deplete a 1.45-W pump centered at 1554 nm.
Instantaneous pump depletion was acquired by
a high-sensitivity parametric sampling gate (see
the supplementarymaterials). The sampling gate
bandwidth was larger than a terahertz, thus

guaranteeing undistorted pump depletion cap-
ture. Figure 4C shows pump depletion traces
corresponding to input signal pulses with an
average of 3, 5, 7, and 15 photons, respectively.
These results prove the basic importance of

nanometer-scale fiber core control in distributed
FPM interactions. Although this report addresses
the feasibility of few-photon switching in locally
controlled fiber, it is not difficult to predict the
broader implications of this approach, specifically
with respect to photon sensors operating in pre-
viously forbidden regimes. The most interesting of
these rests on the notion that long-scale, locally
controlled FPM triggers a multifrequency photon
avalanche, inducingmassive pump photon annihi-
lation by a few-photon signal stimulus. However, it
is also clear that much work remains before its ul-
timate limit is reached. To accomplish that, a new
class of fibers that minimize stochastic dispersion
fluctuations (20, 21) while inhibiting parasitic and
noise mechanisms must be created.
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Fig. 4. Static and ultrafast photon control response. (A) Measured bandwidth-depletion map for
fiber shown in Fig. 3; 1-dB pump depletion corresponds to a 3-photon pulse (N1), and 3-dB pump
depletion corresponds to an 8-photon pulse (N2). Pump-signal spectral separation was measured with
12-GHz resolution. Control power was varied with 1-dB step. (B) FPM nonreciprocity. Bandwidth-
depletion map obtained by reversing the direction of pump and signal propagation. Horizontal axis
indicates power in the input (control) pulse (bottom) and the corresponding average photon count (top).
(C) Pump depletion induced by a 2.45-ps control pulse (top) in the case when it contains an average of
3, 5, 7, and 15 photons. Red curves indicate the average sampling value; blue line indicates the zero-
intensity level.
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QUANTUM COMPUTING

Defining and detecting
quantum speedup
Troels F. Rønnow,1 Zhihui Wang,2,3 Joshua Job,3,4 Sergio Boixo,5,6 Sergei V. Isakov,7

David Wecker,8 John M. Martinis,9 Daniel A. Lidar,2,3,4,6,10 Matthias Troyer1*

The development of small-scale quantum devices raises the question of how to fairly
assess and detect quantum speedup. Here, we show how to define and measure quantum
speedup and how to avoid pitfalls that might mask or fake such a speedup. We illustrate
our discussion with data from tests run on a D-Wave Two device with up to 503 qubits.
By using random spin glass instances as a benchmark, we found no evidence of quantum
speedup when the entire data set is considered and obtained inconclusive results when
comparing subsets of instances on an instance-by-instance basis. Our results do not rule
out the possibility of speedup for other classes of problems and illustrate the subtle nature
of the quantum speedup question.

T
he interest in quantum computing origi-
nates in the potential of a quantum comput-
er to solve certain computational problems
much faster than is possible classically. Ex-
amples are the factoring of integers (1) and

the simulation of quantum systems (2, 3). In these
examples, a quantum algorithm is exponentially
faster than the best known classical algorithm.
According to the extended Church-Turing thesis,
all classical computers are equivalent up to poly-
nomial factors (4). Similarly, all proposedmodels
of quantum computation are polynomially equiv-
alent, so that a finding of exponential quantum
speedup will be model-independent. In other
cases, in particular on small devices or when the
quantum speedup is polynomial, defining and de-
tecting quantum speedup becomes more subtle.
Denoting the time used by a specific classical

device or algorithm to solve a problem of size N

by C(N) and the time used on the quantum de-
vice by Q(N), we define quantum speedup as the
asymptotic behavior of the ratio

SðNÞ ¼ CðNÞ
QðNÞ ð1Þ

for N → ?. Subtleties appear in the choice of
classical algorithms and in defining C(N) and
Q(N) if the runtime depends not just on the
size N of a problem but also on the specific
problem instance and in extrapolating to the
asymptotic limit.
Depending on our knowledge of classical al-

gorithms for a given problem, we may consider
four different types of quantum speedup. The
optimal scenario is one of a provable quantum
speedup, where there exists a proof that no clas-
sical algorithm can outperform a given quantum

algorithm. The best known example is Grover’s
search algorithm (5), which, in the query com-
plexity setting, exhibits a provable quadratic
speedup over the best possible classical algo-
rithm (6). A strong quantum speedup was de-
fined in (7) by using the performance of the
best classical algorithm for C(N), whether such
an algorithm is known or not. Unfortunately,
the performance of the best classical algorithm
is unknown for many interesting problems. In
the case of factoring, for example, a proof of a
classical super-polynomial lower bound is not
known. A less ambitious goal is therefore de-
sirable, and thus one usually defines quantum
speedup (without additional adjectives) by com-
paring it with the best available classical al-
gorithm instead of the best possible classical
algorithm.
A weaker scenario is one where a quantum

algorithm is designed to make use of quantum
effects, but it is not known whether these quan-
tum effects provide an advantage over classical
algorithms or where a device is a putative or
candidate quantum information processor. To
capture this scenario, which is of central interest
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A   B

Fig. 1. Pitfalls when detecting speedup. (A) The typical (median) time to find a
ground state at least once with 99%probability for spin glasses with T1 couplings
using SQA at constant ta. The lower envelope of the curves at constant ta
corresponds to the total effort at topta ðNÞ and can be used to infer the asymptotic
scaling.The initial, relatively flat slope at fixedN is due to suboptimal performance
at small N values and should therefore not be interpreted as speedup. Annealing

times are given in units ofMonteCarlo steps (MCS), corresponding to one update
per spin. (B)The speedupofSQAoverSA for twocases. If SQA is run suboptimally
at small sizes by choosing a fixed large ta = 10,000MCS (dashed line), a speedup
is feigned.This is due to suboptimal performance on small sizes and not indicative
of the real asymptotic behavior when both codes are run optimally (solid line).
Error bars indicate statistical errors.
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to us in this work, we define limited quantum
speedup as a speedup obtained when compared
specifically with classical algorithms that “corre-
spond” to the quantum algorithm in the sense
that they implement the same algorithmic ap-
proach, but on classical hardware. A natural ex-
ample is quantum annealing (8, 9) or adiabatic
quantum optimization (10) implemented on a
candidate physical quantum information pro-
cessor versus corresponding classical algorithms
such as simulated annealing (SA) (11) (which
performs annealing on a classical Monte Carlo
simulation of the Ising spin glass andmakes no
use of quantum effects) or simulated quantum
annealing (SQA) (12, 13) (a classical algorithm
mimicking quantumannealing in a path-integral
quantum Monte Carlo simulation). In this com-
parison, a limited quantum speedup would be a
demonstration that quantum effects improve the
annealing algorithm.
To illustrate the subtleties in detecting quan-

tum speedup, even after a classical reference
algorithm is chosen, we compared the perform-
ance of an experimental 503-qubit D-Wave Two
(DW2, D-Wave Systems, Incorporated, Burnaby,
Canada) device to classical algorithms and an-
alyzed the evidence for quantum speedup on the
benchmark problem of random spin glass in-
stances. Specifically, we considered the problem
of finding the ground state of an Ising spin glass
model described by a “problem Hamiltonian”

HIsing ¼ −∑
i∈V

his
z
i − ∑

ði; jÞ∈E
Jijs

z
i s

z
j ð2Þ

with N binary variables szi ¼ T1. The local fields
{hi} and couplings {Jij} are fixed and define a
problem instance of the Ising model. The spins
occupy the vertices V of a graphG ¼ fV; Egwith
edge set E. We will consider the distributions of
the time to solution over many random spin
glass problems instances with zero local fields on
the Chimera graph realized by the DW2 device
[see supplementary materials (14) for a definition

of that graph and why we choose hi = 0]. This
problem is NP-hard (15), and all known classical
algorithms scale super-polynomially not only for
the hardest but also for typical instances. Although
quantummechanics is not expected to reduce the
super-polynomial scaling to polynomial, a quan-
tum algorithmmight still scale better with prob-
lem size N than any classical algorithm.
The D-Wave devices (16–19) are designed to be

physical realizations of quantum annealing using
superconducting flux qubits and programmable
fields {hi} and couplings {Jij}. Quantum anneal-
ing is implemented by initializing the system in
the ground state of a transverse magnetic field
HX ¼ −∑i∈Vs

x
i , where the s’s denote the Pauli

matrices; HX is turned off adiabatically, while
HIsing is turned on simultaneously. A measure-
ment of each qubit in the computational basis
then determines the ground state ofHIsing with a
probability affected by many factors, including
thermal excitations and implementation errors
(20). Tests on D-Wave One (DW1) (21) and DW2
devices (22) have shown that for small problem
sizes the device correlates well with the predic-
tions of a quantum master equation. For larger
problem sizes, a 108-qubit DW1 device correlated
well with SQA (20), which indicates that, despite
decoherence and coupling to a thermal bath, the
behavior of the device is consistent with it ac-
tually performing quantum annealing (23, 24).
However, for these benchmarks both SQA and
the DW1 device are also well described by a semi-
classical mean-field version of SQA (25), which
raises the question of whether quantum effects
play an important role. The approach adopted
here, of seeking evidence of a (limited) quantum
speedup, directly addresses the crucial question of
whether large-scale quantum effects create a
potential for the devices to outperform classical
algorithms. To test this possibility, we compared
the performance of a DW2 device to two “cor-
responding” classical algorithms: SA and SQA.
Because quantum speedup concerns the as-

ymptotic scaling of S(N), we considered the

subtleties of estimating it from small N and
inefficiencies at small N that can fake or mask a
speedup. In the context of annealing, the optimal
choice of the annealing time ta turns out to be
crucial for estimating asymptotic scaling. To
illustrate this, we first considered the time to
solution using SA and SQA run at different fixed
ta values, independent of N. Figure 1A shows the
scaling of the median total annealing time [over
1000 different random instances on the D-Wave
Chimera graph; see supplementary materials
(14)] for SQA to find a solution at least once with
probability P = 0.99. Corresponding times for SA
are shown in fig. S10. We observed that at con-
stant ta, as long as ta is long enough to find the
ground state almost every time, the scaling of the
total effort is at first relatively flat. The total effort
then rose more rapidly, once one reached N
values for which the chosen ta is too short, and
the success probabilitieswere thus low, requiring
many repetitions. Extrapolations toN→? need
to consider the lower envelope of all curves,
which corresponds to choosing an optimal an-
nealing time topta ðNÞ for each N.
Figure 1B demonstrates that, when using fixed

ta values, no conclusion can be drawn from an-
nealing (simulated or in a device) about the as-
ymptotic scaling. The initial slow increase at
constant ta is misleading, and instead the op-
timal annealing time topta needs to be used for
each N. To illustrate this, we show (Fig. 1B) the
real “speedup” ratio of the scaling of SA and
SQA (actually a slowdown) and a fake speed-
up resulting from a constant and excessively
long ta for SQA. Because SA outperforms SQA
on our benchmark set, it is our algorithm of
choice in the comparisons with the DW2 re-
ported below.
A related issue is the scaling of hardware

resources (computational gates and memory)
with problem size, which must be identical for
the devices we compare. A device whose hard-
ware resources scale as N can achieve an in-
trinsic parallel speedup compared with a fixed

SCIENCE sciencemag.org 25 JULY 2014 • VOL 345 ISSUE 6195 421
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Fig. 2. Scaling of time to solution for r = 1 (A) and r = 7 (B). Shown is the scaling of the pure annealing time to find the ground state at least once with a
probability P = 0.99 for various quantiles of hardness for simulated annealing (SA, dashed) and the DW2 (solid). The solid lines terminate for the highest
quantiles because the DW2 did not solve the hardest instances for large problem sizes within the maximum number of repetitions (at least 32,000) of the
annealing we performed.
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size device. Such is the case for the DW2, which
uses N (out of 512) qubits, OðNÞ couplers, and
OðNÞ classical logical control gates to solve a
spin glass instance with N spin variables in time
TDW(N). Considering quantum speedup for
N → ?, we need to compare a (hypothetical)
larger DW2 device with the number of qubits
and couplers growing as OðNÞ to a (hypothet-
ical) classical device withOðNÞ gates or process-
ing units. Because SA (and SQA) are perfectly
parallelizable for the bipartite Chimera graphs
realized by the DW2, we can relate the scaling
of the time TC(N) on such a device to the time
TSA(N) for SA on a fixed-size classical central
processing unit (CPU) by TC(N) ~ TSA/N and
obtain

SðNÞ ¼ TCðNÞ
TDWðNÞ ∼

TSAðNÞ
TDWðNÞ

1

N
ð3Þ

We lastly addressed the question of how to
measure timewhen the time to solution depends
on the specific problem instance. When a device

is used as a tool for solving computational prob-
lems, the question of interest is to determine
which device is better for almost all possible
problem instances. If instead the focus is on
the underlying physics of a device, then it might
suffice to find a subclass of instances where a
speedup is exhibited. These two questions lead
to different quantities of interest.
To illustrate the considerations, we now turn

to our results. Figure 2 shows the scaling of the
time to find the ground state for various quan-
tiles, from the easiest instances (1%) to the
hardest (99%), comparing the DW2 and SA.We
chose the values of the couplings Jij from 2r
discrete values {n/r}, with n ∈ T{1, …, r − 1, r},
and call r the range. Because we do not a priori
know the hardness of a given problem instance,
we have to assume the worst case and perform
a sufficient number of repetitions R to be able
to solve even the hardest problem instances.
Hence, the scaling for the highest quantiles is
the most informative. Here, we considered only
the pure annealing times, ignoring setup and

readout times that scale subdominantly [see
(14) for wall-clock results].
We observed for both the DW2 and the SA,

for sufficiently large N, that the total time to
solution for each quantile q scaled as expðcq

ffiffiffiffi
N

p Þ
(with cq > 0 a constant) as reported previously
for SA and SQA (20). The origin of the

ffiffiffiffi
N

p
ex-

ponent is well understood for exact solvers as
reflecting the treewidth of the Chimera graph
(14, 26). Whereas the SA code was run at a topta

for each N, the DW2 has a minimal ta = 20 ms,
which is longer than the optimal time for all
problem sizes (14). Therefore, the observed slope
of the DW2 data can only be taken as a lower
bound for the asymptotic scaling. With this in
mind, we observed similar scaling for SA and the
DW2 for N ≳ 200.
How can we probe for a speedup in light of

this similar scaling? With algorithms such as
SA or quantum annealing, where the time to
solution depends on the problem instance, it is
impractical to experimentally find the hardest
problem instance. If instead we target a fraction
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B D

Fig. 3. Speedup of the DW2 compared to SA. (A and B) For the RofQs, and
(C and D) for the QofRs. For a random variable X with distribution p(x) and
values in x ∈ [0, ?), we defined, as usual, the qth quantile as ∫xq0 pðxÞdx ¼
q=100, which we solved for xq and plotted as a function of

ffiffiffiffi
N

p
. In the QofR

case, we used x100–q so that high quantiles still corresponded to instances
that are hard for the DW2. We terminated the curves when the DW2 does

not find the ground state for large N at high percentiles. In these plots, we
multiplied Eqs. 4 and 5 by 512 so that the speedup value at N = 512 directly
compares one DW2 processor against one classical CPU. An overall posi-
tive slope suggests a possible limited quantum speedup, subject to the
caveats discussed in the text. A negative slope indicates that SA out-
performs the DW2.
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of q% of the instances, then we should consider
the qth quantile in the scaling plots shown in
Fig. 2. The appropriate speedup quantity is
then the ratio of these quantiles (RofQ). De-
noting a quantile q of a random variable X by
[X]q, we define this as

SRofQq ðNÞ ¼ ½TSAðNÞ�q
½TDWðNÞ�q

1

N
ð4Þ

Plotting this quantity for the DW2 versus SA in
Fig. 3, A and B, we found no evidence for a lim-
ited quantum speedup in the interesting regime
of largeN and large q (almost all instances). That
is, although for all quantiles and for both ranges
the initial slope was positive, when N and q be-
came large enough we observed a turnaround
and eventually a negative slope. Although we
observed a positive slope for quantiles smaller
than the median, this is of limited interest be-
cause we have not been able to identify a priori
which instances will be easy. Taking into ac-
count that because of the fixed suboptimal an-
nealing times the speedup defined in Eq. 4 is
an upper bound, we conclude that there is no
evidence of a speedup over SA for this particular
benchmark.
SRof Qq ðNÞ measures the speedup while com-

paring different sets of instances for DW and SA,
each determined by the respective quantile. Now
we consider instead whether there is a speedup
for a (potentially small) subset of the same prob-
lem instances. To this end, we study the scaling
of the ratios of the time to solution for individual
instances and display in Fig. 3, C and D, the
scaling of various quantiles of the ratio (QofR)

SQofRq ðNÞ ¼ TSAðNÞ
TDWðNÞ

� �
q

1

N
ð5Þ

For r = 7, all the quantiles bend down for suf-
ficiently large N, so that there is no evidence of a

limited quantum speedup. There does seem to be
an indication of such a speedup compared to SA
in the low quantiles for r = 1, that is, for those
instances whose speedup ratio was high.
However, the instances contributing here are
not run at topta , and more work is needed to es-
tablish that the potential r = 1 speedup result
persists for those instances for which one can
be sure that ta is optimal.
Next we consider the distribution of solution

times at a fixed problem size. This does not ad-
dress the speedup question, because no scaling
can be extracted, but illuminates instead the
question of correlation between the performance
of the DW2 and SA. To this end, we performed
individual comparisons for each instance and
show in Fig. 4, A and B, the time to solution for
the same instances for the DW2 and SA. We ob-
served a wide scatter [in agreement with the
DW1 results of (20)] and found that, although
the DW2 is sometimes up to 10 times faster in
pure annealing time, there aremany cases where
it is ≥100 times slower.
It is not yet knownwhether a quantumannealer

or even a perfectly coherent adiabatic quantum
optimizer can exhibit (limited) quantum speed-
up at all, although there are promising indi-
cations from theory (27), simulation (13), and
experiments on spin glass materials (9). Experi-
mental tests are thus important. There are sev-
eral candidate explanations for the absence of
a clear quantum speedup in our tests. Perhaps
quantum annealing simply does not provide any
advantages over simulated (quantum) annealing
or other classical algorithms for the problem class
we have studied (28), or perhaps the noisy imple-
mentation in the DW2 cannot realize quantum
speedup and is thus not better than classical de-
vices. Alternatively, a speedup might be masked
by calibration errors, improvements might arise
fromerror correction (29), or other problemclasses
might exhibit a speedup. Future studieswill probe

these alternatives and aim to determine whether
one can find a class of problem instances for
which an unambiguous speedup over classical
hardware can be observed.
Although we used specific processors and

algorithms for illustration, the considerations
about a reliable determination of quantum speed-
up presented here are general. For any speed-
up analysis, use of the same scaling of hardware
resources for both quantum and classical devices
is required to disentangle parallel and quantum
speedup. And, for any quantum algorithm where
the runtime must be determined experimen-
tally, a careful extrapolation to large problem
sizes is important to avoid mistaking inefficien-
cies at small problem sizes for signs of quantum
speedup.
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QUANTUM METROLOGY

Fisher information and entanglement
of non-Gaussian spin states
Helmut Strobel,1* Wolfgang Muessel,1 Daniel Linnemann,1 Tilman Zibold,1

David B. Hume,1 Luca Pezzè,2 Augusto Smerzi,2 Markus K. Oberthaler1

Entanglement is the key quantum resource for improving measurement sensitivity beyond
classical limits. However, the production of entanglement in mesoscopic atomic systems
has been limited to squeezed states, described by Gaussian statistics. Here, we report on
the creation and characterization of non-Gaussian many-body entangled states. We
develop a general method to extract the Fisher information, which reveals that the
quantum dynamics of a classically unstable system creates quantum states that are not
spin squeezed but nevertheless entangled. The extracted Fisher information quantifies
metrologically useful entanglement, which we confirm by Bayesian phase estimation with
sub–shot-noise sensitivity. These methods are scalable to large particle numbers and
applicable directly to other quantum systems.

M
ultiparticle entangled states are the key
ingredients for advanced quantum tech-
nologies (1). Various types have been
achieved in experimental settings rang-
ing from ion traps (2), photonic systems

(3), and solid state circuits (4) to Bose-Einstein
condensates. For the latter, squeezed states (5, 6)
have been generated (7–12), and a rich class of
entangled non-Gaussian states is predicted to be
obtainable (13), including maximally entangled
Schrödinger cat states (14, 15). The production of
these fragile states in large systems remains a
challenge, and efficient methods for characteri-
zation are necessary because full state reconstruc-
tion becomes intractable. Here, we generate a
class of non-Gaussian many-particle entangled
states and reveal their quantum properties by
studying the distinguishability of experimental
probability distributions.
A measure of the distinguishability with re-

spect to small phase changes of the state is pro-
vided by the Fisher information F (16). It is related
to the highest attainable interferometric phase
sensitivity by the Cramer-Rao boundDqCR ¼ 1=

ffiffiffiffi
F

p
(17). This limit follows from general statistical
arguments for a measurement device with fluc-
tuating output (18). The Fisher information is lim-
ited by quantum fluctuations of the input state as

well as the performance of the device. Even in the
absence of technical noise, the Fisher informa-
tion of a classical input state is F≤ N because

of the intrinsic granularity of N independent
particles, which translates into the shot-noise
limit Dq ≥ 1=

ffiffiffiffi
N

p
for phase estimation. This clas-

sical bound can be surpassed with a reduction of
the input fluctuations by introducing entangle-
ment between the N particles (5). These states,
known as squeezed states, are fully characterized
by mean and variance of the observable and al-
ready used in precisionmeasurements (19–21). In
contrast, non-Gaussian quantum states can have
increased fluctuations of the observable but
nevertheless allow surpassing shot-noise limitedper-
formance. A textbook example is the Schrödinger
cat state characterized by macroscopic fluctua-
tions but achieving the best interferometric per-
formance allowed by quantum mechanics, that
is, at the fundamental Heisenberg limit F ¼ N 2

(22). In general, the class of states that are en-
tangled and useful for sub–shot-noise phase esti-
mation is identified by the Fisher information
criterion F > N (13). Exploiting these resources
requires probabilistic methods for phase estima-
tion, such as maximum likelihood or Bayesian
analysis (23), which go beyond standard evalua-
tion of averages.
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Fig. 1. Preparation and detection of non-Gaussian entangled states. (A) Array of Bose-Einstein
condensates in an optical lattice potential addressed by microwave and radio frequency fields. (B) The
interplay of nonlinear interaction (blue) and weak Rabi coupling (red) between the internal states ja〉 and
jb〉 results in an unstable fixed point in the classical phase space.The state of the system is visualized on
a generalized Bloch sphere with radius J ¼ N=2. Gray lines indicate trajectories of the mean-field
equations of motion (18). The initial coherent spin state (green) ideally evolves into a squeezed state
(orange) followed by non-Gaussian states at later evolution times (violet). Edges of shaded areas are
contours of the Husimi distribution for N ¼ 380 at 1=e2 of its maximum. (C) Experimental absorption
picture showing the site- and state-resolved optical lattice after a Stern-Gerlach separation. Shaded
boxes indicate the sites with a total atom number in the range of 380 T 15, which are selected for further
analysis. (D) Example histograms of the imbalance z ¼ 2Jz=N after nonlinear evolution of 25 ms and
final rotation (angles indicated in the graphs) compared with the ideal coherent spin state of identical N
(green Gaussian).
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A paradigm physical process that exhibits the
transition from Gaussian to non-Gaussian states
is the time evolution of a quantum state initially
prepared at an unstable classical fixed point. Our
experimental system is an array of interacting
binary Bose-Einstein condensates of 87Rb with
additional linear coupling of the two internal states
(Fig. 1, A and B), which allows for the controlled
realization of such unstable fixed point dynamics
(24). The linear coupling, realized with microwave
and radio frequencymagnetic fields, also permits
precise rotations for initial state preparation and
final state manipulation before readout (Fig. 1, B
and D). For a coherent state initially centered on
the unstable fixed point, the quantum dynamics
leads to spin squeezed states for short evolution
times; subsequently, the squeezed states trans-
form into non-Gaussian states on an experimen-
tally feasible time scale (14) (Fig. 1B).
For the characterization of non-Gaussian states,

higher moments, or even the full probability
distributions, have to be accessed experimentally.
For this, the setup (8) has been extended to realize
up to 35 individual condensates in a single ex-
periment, which permits the acquisition of suf-
ficient statistics in a narrowwindow of T15 for the
final atom number. The populations of the
atomic states ja〉 ¼ jF ¼ 1;mF ¼ 1〉 and jb〉 ¼
jF ¼ 2;mF ¼ −1〉 are destructively detected for
each individual condensate by state-selective ab-
sorption imaging with high spatial resolution
(Fig. 1C) (25). By repeating the experiment (typ-
ically many thousands of times), we measure
the experimental probability distributions of the
population imbalance z ¼ ðNb−NaÞ=N along de-
fined directions by applying the corresponding
spin rotation before detection. The analysis win-
dow for N ¼ Nb þ Na is adjusted according to
the independently determined time scale of
atom loss (18) to follow the time evolution start-

ingwith 〈N 〉 ¼ 470. Figure 1D shows examples of
observed distributions for two different orienta-
tions and an evolution time of 25 ms; the distri-
butions are consistent with the theoretically
expected structure of the state (Fig. 1B).
Detailed insight can be gained by repeating this

measurement for various angles (here in steps of
10°) allowing for themaximum-likelihood recon-
struction of the density matrix in the symmetric
subspace (18). The tomography results obtained
from 32,500 experimental realizations (Fig. 2A)
confirm qualitatively the expected behavior; at
short evolution times, the state has a squeezed
shape, whereas at later times the characteristic
bending dynamics appears as expected from the
presence of the two stable fixed points above and
below the equator.
Analyzing the variance of z for the same data

as a function of the tomography angle (Fig. 2B)
shows that the time evolution leads to sup-
pressed fluctuations at 15 ms. Extracting the
spin squeezing parameter x2 (18), we find that
the minimum is x2min ¼ −4:5 T 0:2 dB below the
standard quantum limit, which demonstrates
entanglement (5). For all results reported here,
the photon shot noise of the absorption imaging
of T4 atoms is not subtracted. For longer time
evolution, the bending dynamics leads to in-
creased fluctuations in all directions, that is,
tomography angles. After 25 ms, spin squeezing
is lost, and we find that x2min ¼ −0:2T0:3 dB.
However, experimental extraction of the Fisher
information (detailed below, Fig. 2C) reveals
that useful entanglement is still present although
spin squeezing is vanishing, that is, F=N ≥ 1=x2

(13). At 26 ms, spin squeezing is completely lost,
whereas the Fisher information still indicates
the presence of quantum resources (F=N > 1). In
the Gaussian regime up to 23 ms, we observe
that Fisher information and the inverse spin

squeezing agree as expected, F=N ≈ 1=x2, be-
cause these states are fully characterized by their
variance.
Our method for extraction of the Fisher infor-

mation circumvents the experimentally intract-
able full reconstruction of the density matrix and
has its basis in a specific set of experimental
probability distributions PzðqÞ after small rota-
tions q of the quantum state. In Fig. 3A, we show
distributions for the state created at 26 ms and
the optimal tomography angle of 58° (Fig. 2C)
after small rotations about the y axis (Fig. 3C,
inset). The distributions feature a pronounced
peak and long tails characteristic for the bent
state. The main effect of the small rotation is a
continuous shift of the distribution toward in-
creasing imbalance for larger angles q.
The analysis for extraction of the Fisher infor-

mation builds on the statistical distance (26, 27)
of these distribution functions. We use a Euclidean
distance in the space of probability amplitudesffiffiffiffiffi
Pz

p
known as Hellinger distance (18), defined

as d2
HðqÞ ¼ 1

2∑z
½ ffiffiffiffiffiffiffiffiffiffiffi

PzðqÞ
p

−
ffiffiffiffiffiffiffiffiffiffiffi
Pzð0Þ

p �2, where PzðqÞ
is the experimental probability distribution at
angle q. Figure 3C shows d2

HðqÞ as a function of q
for three different evolution times and the respec-
tive optimal tomography angles. A resampling
method (18) is used to extract error bars and
reduce the statistical bias. The observed quadratic
behavior is expected from the Taylor expansion
d2
HðqÞ ¼ ðF=8Þq2 þOðq3Þ (eq. S11), which

reveals the close connection between Hellinger
distance and Fisher information; this relation-
ship is used to extract F from the curvature of
d2
HðqÞ. The gray shaded area in Fig. 3C indicates

the region that is not accessible to separable
states; for them, the Fisher information is
limited to F=N ≤ 1, resulting in a d2

H curvature
smaller than N=8. For the initially prepared
state, we found a Fisher information of
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Fig. 2. Entangled state characterization. (A)
Tomographic reconstruction of the experimental
state after evolution times of 15 and 25 ms. The
Husimi projections [scaled amplitude is brightness-
coded (18)] confirm the creation of an elongated
state and the subsequent distortion of the Gaus-
sian shape. (B) A variance analysis of the particle
number difference reveals maximum spin squeez-
ing of −4:5 T 0:2 dB for 15 ms and −0:2 T 0:3 dB
for 25ms. (C) Comparison of the normalized Fisher
information F=N (red diamonds) for N ¼ 380 T 15
atoms and the inverted spin squeezing factor 1=ξ2

(blue circles). The gray shaded areas are only ac-
cessible for nonseparable (entangled) states. For
26 ms, spin squeezing cannot identify the entan-
glement that is detected by the Fisher information.
Lines are sinusoidal fits; error bars of the Fisher
information represent the 68% confidence interval
of the Hellinger distance method.
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F=N ¼ 0:91 T 0:04 < 1, which is expected for
a separable state. All given error margins are
T1 SE. For a subsequent evolution of 26 ms, the
measuredHellinger distances lie in the regime of
nonseparability. This reveals entanglement in a
regimewhere no spin squeezing is present. For the
intermediate evolution time of 15 ms, we extract a
Fisher information F=N ¼ 2:2 T 0:2, which con-
firms entanglement in the Gaussian spin squeezed
state. For obtaining the experimental points in
Fig. 2C, this procedure is performed at a given
evolution time for different tomography angles.
The reported values for the Fisher information
are limited by experimental imperfections, detec-
tion noise, and atom loss, which especially affect
the fragile non-Gaussian states. For the ideal
time evolution, monotonically increasing Fisher
information is expected, whereas the available
spin squeezing is limited to 1=x2≈ 18 (–12.6 dB).
The ideal theoreticalmodel prediction is F=N≈ 90
(–19.5 dB) for the evolution time when spin
squeezing vanishes (18).
There is a direct connection between Fisher

information and sensitivity in parameter esti-
mation. In an interferometric context, high sen-
sitivity, indicated by a large value of F , means
fast change of the output distribution with the
phase q, that is, high statistical speed ∂dH=∂q ¼ffiffiffiffiffiffiffiffiffi

F=8
p

with respect to the parameter change.
For the quantum state at 25 ms, the enhanced
Fisher information reveals quantum resources
beyond the standard quantum limit in a range of
tomography angles. In Fig. 4A, we show ex-
plicitly through an analysis of mean and vari-
ance that averaging of the observable z does
not surpass shot-noise limited performance for
rotations about the y axis [corresponding, for
example, to a phase shift inside a Ramsey in-
terferometer (18)].
However, the resource can be harnessed with

model-independent Bayesian estimation by using
the experimental probability distributions PzðqÞ.
For this, we use an independent data set taken
with the setting (a ¼ 58°, q ¼ q0 ¼ 0°) and 25ms
of evolution time, which we divide into sequences
fz1;…; zmg each containing m realizations. To
obtain realistic measurement conditions, we dis-
card the previous knowledge on the true value of
the phase q0 [Bayesian estimation with flat
prior (18)]. For eachdistributionPzðqiÞ, we calculate
the likelihood LðqiÞ ¼ ∏m

j¼1Pzj ðqiÞ, which cor-
responds to the conditional probability to obtain
the sequence fz1;…; zmg if the phase setting had
been qi . For sufficiently large m, we expect a
Gaussian distributionLðqÞºexp½−ðq−qcÞ2=2s2�
centered at qc with the Bayesian phase uncer-
tainty s (18). Thus, s can be extracted from a
quadratic fit to logLðqÞ (Fig. 4B, inset).We find a
fast convergence of s2 to the expected value
1=mF (Cramer-Rao bound formmeasurements)
already form ≳ 2 (Fig. 4B). This explicitly shows
phase uncertainty below the standard quantum
limit in agreement with the Fisher information
obtained from the Hellinger distance method
described above.
Fisher information serves to verify entanglement

in the absence of spin squeezing and quantifies
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the quantum resource for improved phase esti-
mation. The presented method does not depend
on the special shape of the probability dis-
tributions and is not limited to small particle
numbers. It is therefore broadly applicable to the
efficient characterization of highly entangled
states, relevant for further improvement of atom
interferometers (8, 11, 12, 19, 20, 28–30) toward
the ultimate Heisenberg limit (22). More gener-
ally, it can be applied to any phenomenon char-
acterizable by the distinguishability of quantum
states, as in quantumphase transitions (31), quan-
tum Zeno dynamics (32), and quantum infor-
mation protocols (1).
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Invisibility cloaking in a diffusive
light scattering medium
Robert Schittny,1,2 Muamer Kadic,1,3 Tiemo Bückmann,1,2 Martin Wegener1,2,3*

In vacuum, air, and other surroundings that support ballistic light propagation according
to Maxwell’s equations, invisibility cloaks that are macroscopic, three-dimensional, broadband,
passive, and that work for all directions and polarizations of light are not consistent with
the laws of physics. We show that the situation is different for surroundings leading to
multiple light scattering, according to Fick’s diffusion equation.We have fabricated cylindrical
and spherical invisibility cloaks made of thin shells of polydimethylsiloxane doped with
melamine-resin microparticles. The shells surround a diffusively reflecting hollow core, in
which arbitrary objects can be hidden. We find good cloaking performance in a water-based
diffusive surrounding throughout the entire visible spectrum and for all illumination
conditions and incident polarizations of light.

W
ith an invisibility cloak (1–5), light is
guided in a detour around an object to
be hidden so that it emerges behind as
though no object was there. Ideally, this
concerns the direction, amplitude, and

timing of light. In vacuum (or air) and for mac-
roscopic objects much larger than the wave-
length of light, this geometrical detour means
that the local velocity of light must exceed the
vacuum speed of light somewhere. For broad-
band operation—in the absence of wavelength
dependence—the phase velocity of light equals
its energy velocity. Furthermore, according to
the theory of relativity, energy and mass are
equivalent, and transport of mass faster than
the vacuum speed of light is not possible. Thus,
ideal passive broadband invisibility cloaking
of macroscopic objects in vacuum (or air) is not
consistent (4, 5) with relativity and Maxwell’s
equations of electromagnetism.
Nevertheless, inspired by transformation optics

(1–3) based on Maxwell’s equations, many inter-
esting cloaking experiments have been performed
(6–12). All of these cloaks, however, are either
narrow in bandwidth or not macroscopic, do not
properly recover the time-of-flight (or phase), work
only for restricted polarizations or directions of
light, or exhibit combinations of these limitations.
In many practical instances, light does not

propagate ballistically—it cannot be described
adequately by themacroscopicMaxwell equations
for continua. For example, in clouds, fog, milk,

frosted glass, or in other systems containingmany
randomly distributed scattering centers, every
photon of visible light performs a random walk.
Effectively, this random walk slows down light
propagationwith respect to vacuumand scrambles
any incident polarization. Multiple light scattering
can also lead to coherent speckles (13) and to
Anderson localization (14, 15). For a broad range
of settings, however, multiple light scattering is
well described by the diffusion of photons (14).
We demonstrate that passive broadband in-

visibility cloaking of macroscopic objects for all
incident directions and polarizations of light is
possible in the regime of light diffusion.
In 1855, Fick postulated his diffusion equation

(16), which was then followed by a microscopic
derivation on the basis of statistical mechanics
(17). Our diffusion experiments have been inspired
(18, 19) by recent work on thermal cloaking:
Whereas early cloaking structures designed with
coordinate transformations contained many al-
ternating layers of effectively low and high heat
conductivity (20), more recent thermal cloaks
(21, 22) work for just one pair of layers with low
and high heat conductivity. Such core-shell struc-
tures have also successfully been used for static
magnetic cloaking (23). Intuitively, the combina-
tion of core and shell can be thought of as a single
period of a highly anisotropic laminate metama-
terial (24). It is known theoretically (24, 25) that
core-shell geometries can be perfectly undetectable
in the stationary case, assuming a spatially constant
gradient of the temperature (or magnetic field or
photon density, for example) across the cloak. Re-
cently, it has become clear that these cloaks also
work for nonconstant gradients (21, 22). Core-shell
geometries allow for cloaks that are thin as com-
pared with the size of the object they hide (21–23).
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The blueprint for our light-diffusion invisibil-
ity cloaks (Fig. 1A) contains either a cylindrical or
a spherical core with zero light diffusivity D1 = 0
and radius R1, which effectively suppresses the
flow of photons within. Thus, we can carve out
the core’s interior, opening up a space for objects
to be hidden within. When illuminated from one
side, the bare zero-diffusivity core reduces the
photon current on the downstream side; this
obstacle casts a diffusive shadow. To compen-
sate for this reduced photon current, the core is
surrounded by a layer with diffusivity D2 and
radius R2 > R1. Given the photon diffusivity of
the homogeneous surrounding D0, a mathemat-
ical connection of D2 and R2 and the other pa-
rameters can be obtained (24, 26). For example,
for the cylindrical geometry in our experiments
withR2/R1 = 1.24, we calculate amoderate, hence
feasible, diffusivity contrast ofD2/D0 = 4.72—and
for the spherical geometry in our experiments
with R2/R1 = 1.20, we calculate a similar diffu-
sivity contrast of D2/D0 = 3.06—for negligible
losses (26). This core-shell structure is the cloak.
The cloak also restores the photon flux in the
backward and sideward directions (Fig. 1A).
In the experimental setup (Fig. 1B), the three

light diffusivities are realized in rather different
ways. For the core, we used a hollow stainless-
steel cylinder (or sphere) that is coated with a
thin layer of acrylic white paint (26), which serves
as a diffusive reflector. Themetal guarantees that
no light can enter the inside of the cloak. The shell
is composed of polydimethylsiloxane (PDMS),
dopedwith dielectric 10-mm-diametermelamine-
resin particles at a concentration of 1mg/ml (26).
For the surrounding diffusive medium within
which the cloak is placed, we used a cuboid tank
with an inner volume 35.5 by 16 by 6 cm filled
with de-ionized water to which white wall disper-
sion paint (26) is added (in Fig. 1B, the tank is only
partially filled for illustration). This allows for the
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Fig. 1. Cloaking principle and experimental setup. (A) Illustration of
the cylindrical and spherical core-shell invisibility cloaks for diffusive
light. The outer radii for core R1 and shell R2 are indicated. The cor-
responding light diffusivities are D1 and D2, and that of the surrounding is
D0. The streamlines visualize the photon-current-density vector field

→
j

(the analog of the Poynting vector for ballistic light transport) as cal-
culated from Fick’s diffusion equation for homogeneous illumination for

obstacle (left) and cloak (right). Parameters are R2/R1 = 1.24, D1 = 0, and
D2/D0 = 4.72. The magnifying glass exhibits an artistic microscopic view
of light transport in diffusive media containing many randomly distrib-
uted scatterers. (B) Photograph of the experimental setup. The diam-
eters of the cylinders used in Fig. 2 (spheres in Fig. 3) are 2R1 = 32.1 mm
and 2R2 = 39.8 mm (2R1 = 33.2 mm and 2R2 = 39.9 mm), and the tank
thickness is L = 60 mm.

Fig. 2. Measurement
results for cylindrical
geometry. (A to F)
True-color photographs
of light emerging from
the setup (Fig. 1B)
for homogeneous
illumination with white
light. The first row is
the plain surrounding
(“reference”); in the
second row, the cylindrical
core (“obstacle”) is
added; and in the third
row, the cylindrical core-
shell structure (“cloak”)
is added. In (A) to (C),
the surrounding is the
empty tank (“air”). In
(D) to (F), the tank is
filled with de-ionized
water and 0.35% white
paint (“water-paint”).
Obstacle and cloak are
centered in the tank,
with their cylinder axes
oriented along the
vertical direction. The
curves superimposed
onto the photographs
are horizontal cuts
of the normalized
intensity along the
gray dashed line. All
images and cuts
within one column are
shown on the identical
intensity scale. Obstacle and cloak cast a pronounced shadow in air. In the water-paint surrounding,
the obstacle still casts a pronounced diffusive shadow (center is four times darker), whereas the
intensity variation around a mean is less than T10% for the cloak. (G to L) As (A) to (F), but for line-
like illumination (G).
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experimental conditions in ourmodel experiments
to be varied readily. We adjusted the paint con-
centration and thus the diffusivity empirically so
as to obtain good cloaking behavior. We chose this
approach because a reliable quantitative a priori
calculation of the effective photon diffusivities
would be demanding. This approach also auto-
matically compensates for the effect of losses (26).
One side of the tank is illuminated by a liquid-
crystal display (LCD) flat screen computer monitor,
which is in direct contact with one of the Plexiglas
walls. Themonitor allows us to conveniently vary
the spatial pattern of illumination. We took op-
tical images of the other side of the tank using a
digital camera located at a distance of ~0.5 m,
with its optical axis normal to the LCD screen.
For all cases, we show results for white-light

illumination using either air or the water-paint
mixture, respectively, as surroundings in the tank
(Fig. 2). Homogeneous illumination of the empty
tank, the reference, is shown in Fig. 2A; a shadow
for the obstacle is shown in Fig. 2B; and an even
more pronounced shadow for the cloak is shown
in Fig. 2C. The cloak has not been designed for
air as its surroundings. Both obstacle and cloak
are centered with respect to the tank. The same
sequence is shown in Fig. 2, D to F, but for the
water-paint surrounding. Light emerging from
the reference (Fig. 2D) has been subject to diffu-

sive light scattering. As to be expected, we again
found a nearly homogeneous light distribution.
The yellowish color indicates that blue light is
partially absorbed in the water-paint mixture
(26). For the obstacle (Fig. 2E), a pronounced
diffusive shadow was observed. For the cloak
(Fig. 2F), this shadow disappears, leaving behind
only a small relative modulation of the light in-
tensitywithin the image. These small imperfections
[(23) for comparison] can be traced back to resid-
ual absorption losses (26). The absence of major
color distortions beyond the overall yellowish ap-
pearance (which occurs for the reference already)
indicates that cloaking works well for the red,
green, and blue components of visible light.
An invisibility cloak should also work for any

other possible illumination condition. An extreme
example is a pointlike or a line-like illumination
(Fig. 2G).Diffusive-light invisibility cloaking remains
very good even under these extremely nonho-
mogeneous illumination conditions (Fig. 2, J to L).
Figure 3 exhibits the same as Fig. 2, but for a

spherical instead of a cylindrical geometry. By sym-
metry of this cloak, it is clear that the cloak is omni-
directional. It is 2R2/l ≈ five orders of magnitude
larger than the operationwavelength l andworks
throughout the entire visible spectrum, qualifying
as a broadband cloak. This is the evidence for our
above claim of having achieved an omnidirectional

passive broadband macroscopic invisibility cloak
in the diffusive regime—attributes that are funda-
mentally impossible in the ballistic regime.
All experimental results (Figs. 2 and 3) agree

well with calculations (26) based on diffusion
theory (figs. S3 and S4). On this basis, we esti-
mate (26) that the used stationary limit of Fick’s
diffusion equation remains applicable down to
time scales of 100 ns, which is equivalent to 107

image frames per second.
Last, as an application of diffusive-light in-

visibility cloaking, we suggest that one could
insert metal bars, which are almost as thick as
the glass, into a bathroom frosted-glass window
to prevent burglary. Usually, these bars would
immediately be visible via the diffusive shadow
they cast. By adding thin diffusive cloaking shells
around the metal bars, the window would again
appear as a homogeneously bright milky glass.
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Fig. 3. Measurement
results for spherical
geometry. (A to L)
Results are as Fig. 2, A to
L, respectively, but for a
spherical rather than a
cylindrical cloak. Obstacle
and cloak are again
centered in the tank.
Here, the concentration
of white paint in
de-ionized water is 0.175%.
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QUANTUM SIMULATION

Coherent imaging spectroscopy of a
quantum many-body spin system
C. Senko,1* J. Smith,1 P. Richerme,1 A. Lee,1 W. C. Campbell,2 C. Monroe1

Quantum simulators, in which well-controlled quantum systems are used to reproduce
the dynamics of less understood ones, have the potential to explore physics inaccessible
to modeling with classical computers. However, checking the results of such simulations
also becomes classically intractable as system sizes increase. Here, we introduce and
implement a coherent imaging spectroscopic technique, akin to magnetic resonance
imaging, to validate a quantum simulation. We use this method to determine the energy
levels and interaction strengths of a fully connected quantum many-body system.
Additionally, we directly measure the critical energy gap near a quantum phase transition.
We expect this general technique to become a verification tool for quantum simulators
once experiments advance beyond proof-of-principle demonstrations and exceed the
resources of conventional computers.

C
ertain classes of quantum many-body sys-
tems, including high-temperature super-
conductors and spin liquids, are believed
to be fundamentally inaccessible to classi-
cal modeling (1). For example, interacting

spin systems described by the Ising model can be
mapped to NP-complete computational prob-
lems (2) and have been applied to understanding
neural networks (3) and social behavior (4), yet
quickly become theoretically intractable because
of the exponential number of possible spin con-
figurations (5).
Quantum simulations (6–8), in which well-

controlled quantum objects like photons (9) or
ultracold atoms (10, 11) are induced to emulate
other quantum systems, are a promising alter-

native for accessing such problems. However, as
these systems approach theoretically intractable
physics, validating quantum simulation results
will become a major challenge (1, 12). Here, we
introduce a technique for performing coherent
imaging spectroscopy on the Hamiltonian of an
interacting many-body spin system. We use spec-
troscopic imaging to infer spin-spin interaction
strengths and directly measure the critical ener-
gy gap near a quantum phase transition.
Ultracold atomic systems are particularly well

suited for simulating interacting spin systems,
with the ability to prepare known input states,
engineer tunable interaction patterns, and mea-
sure individual particles (10, 11). Our experiment
uses trapped ions to simulate chains of spin-1/2

particles subject to effective magnetic fields and
long-range, inhomogenous Ising couplings gen-
erated by optical dipole forces (13–19). This re-
sults in an effective N-spin Hamiltonian (with
the Planck constant h ¼ 1)

Heff ¼ ∑
i< j

Ji, js
x
i s

x
j þ BðtÞ∑

i

syi , ð1Þ

where sgi (g ¼ x; y; z) is the Pauli matrix for spin
i along direction g; Ji;j ∼ J0ji−jj−a is a long-range
coupling strength between spins i and j with J0 > 0
and a tunable between 0 and 3 (13); and BðtÞ is
the energy associated with a time-dependent trans-
verse magnetic field (20).
The ability to generate antiferromagnetic Ji;j

couplings of varying interaction range (13, 17, 18)
has recently attracted much interest in contexts
such as studying the spread of correlations after
a quench (21, 22), observing prethermalization of
a quantum system (23, 24), and directly measur-
ing response functions (25). Developing a general
protocol to measure the spin-spin couplings will
be an important validation goal. Previous exper-
iments have fully characterized the interactions
in small systems using techniques that may be
difficult to scale up, such as Fourier decomposi-
tion of multispin dynamics (14) or manipulating
each of the ∼N2=2 pairs of spins separately using
electromagnetic field gradients for frequency (26)
or spatial addressing (27). By contrast, the pro-
tocol we introduce below allows the couplings
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Fig. 1. Principle of coherent imaging spectro-
scopy. (A) The transverse field term Bp drives
transitions between states when its modulation
frequency matches an allowed energy splitting
(such as between the state with all spins up along
x and any single-defect state with a single spin
down). (B) Measured populations in specific spin
states (see legend, bottom, where a fluorescing
(dark) ion represents j1〉 [j0〉)] versus the frequency
of the probe field for a system of eight spins
initialized in j11111111〉 before probing. Solid curves
are Lorentzians fit to the data sets; the energy
splittings predicted from Eq. 1 are indicated with
colored bars at the top of the frame. Error bars
represent statistical error from performing 1000
repetitions of each experiment. (C) Measured
populations versus the frequency of the probe field
for a systemof 18 spins.The left-right asymmetry is
attributed to slight misalignment of the laser
beams. Despite the low fidelity of the initial state
(35% in the j111111111111111111〉 state), these energy
splittings are still clearly visible.
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to be measured by taking ∼N frequency spectra
and requires only global interactions and site-
resolved measurements.
The spin-1/2 particles are represented by a

string of 171Ybþ ions confined in a linear Paul trap.
The spin states j↓〉z and j↑〉z are encoded in the
magnetic-field-insensitive (mF ¼ 0) hyperfine states
of the ground electronic manifold (28). The spin-
spin couplings and effective magnetic fields derive
from lasers that globally illuminate the ion chain,
driving stimulated Raman transitions between
the spin states (14, 20). State initialization com-
prises optical pumping into the j↓↓↓⋯〉z state
followed by a coherent rotation to polarize all
spins along the desired axis. After applying the

spin-spin couplings and the probe field(s) de-
scribed above, the individual spin states are read
out along any axis by performing a coherent ro-
tation from that axis to the measurement basis
j↓〉z and j↑〉z , then collecting state-dependent flu-
orescence onto a charge-coupled device imager
with site-resolving optics (20).
We measure the energy splittings in our spin

system using a weakly modulated transverse field
as a probe.

BðtÞ ¼ B0 þ Bpsinð2pnptÞ ð2Þ
When the probe frequency np is matched to the
energy difference jEa − Ebj between two eigen-
states ja〉 and jb〉, the field will drive transitions

between the two states if there is a nonzero
matrix element 〈bjBðtÞ∑

i
syi ja〉 ≠ 0. For example,

in the weak-field regime BðtÞ << J0, the Hamil-
tonian eigenstates are symmetric combinations
of the sx eigenstates, and the matrix element
〈bjBðtÞ∑

i
syi ja〉 is nonzero only when ja〉 and jb〉

differ by the orientation of exactly one spin.
In the weak-field regime, a transition at a sin-

gle frequency can easily be monitored, and its
stability can provide a good proxy for the entire
Hamiltonian. Each splitting depends on multi-
ple spin-spin couplings—for example, a transition
from j1111⋯〉 to j0111⋯〉, where j1〉 (j0〉) denotes
the sx eigenstate j↑〉x (j↓〉x), requires energy

DE ¼ 2ðJ1;2 þ J1;3 þ⋯þ J1;N Þ ð3Þ

These splittings are therefore sensitive to changes
in the motional mode structure or the laser inten-
sities at each of the ions.
We demonstrate the mapping of individual ener-

gy splittings in the weak-field regime BðtÞ=J0 << 1
in Fig. 1. The spins are prepared along the x
direction in j111⋯〉, and a probe field correspond-
ing to BðtÞ ¼ ð100 Hz)sinð2pnptÞ is applied for
3 ms, which is sufficient to transfer more than
50% of the population between states, before mea-
suring along x. These parameters allow resolu-
tion of the energy differences in an eight-spin
system while still accommodating the few ms
decoherence time scale in our system (18).
Population transfer is clearly seen when np is

resonant with an energy splitting (e.g., Fig. 1, B
and C). We quantify the energy of a particular
state relative to the initial state by fitting Lorentz-
ians to the spectra (20). The spectral positions
are insensitive to state preparation and measure-
ment error, which affects only the contrast of these
resonances, as seen in Fig. 1C with N ¼ 18 spins.
A sequence of multiple probe frequencies (shown

in fig. S1) can be used to populate any desired
spin configuration with a global beam in no more
than ⌊N=2⌋ pulses. We can transfer population
into any of the 32 eigenstates of a five-spin system
by starting in either the j11111〉 or j00000〉 and
applying at most two pulses of the transverse
field. This system is small enough to also mea-
sure the entire relative energy spectrum, which
scales exponentially with system size. Starting
from the states j11111〉, j00000〉, j10101〉, and j01010〉
[the last two of which are prepared using an
adiabatic ramp of a transverse field (18)], we use
single and multiple frequency drives to measure
all possible energy splittings.
Figure 2 shows the measured spectrum of this

five-spin system, obtained by direct addition of
the measured energy splittings, compared to that
given by the interactions estimated from the same
data (as detailed below). An examination of the
full spectrum of a many-body quantum system is
generally difficult to achieve and shows the ver-
satility of this form of many-body spectroscopy.
We can also use modulated transverse fields to

prepare arbitrary coherent quantum states, which
can be used to probe many-body quantum dy-
namics (24). An example protocol for preparing
a specific spin configuration is shown in fig. S1.
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Fig. 2. Reconstructed energy spectrum. In a system of five spins, the energy of each spin configuration
above the j10101〉 ground state (colored points) is compared to the calculated energies (black lines).
Calculations are based on the spin-spin couplings estimated from the same energy measurements (inset).
Error bars include statistical errors and an estimate of systematic error due to experimental drifts.
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Fig. 3. Experimentally determined spin-spin coupling profiles. The couplings were measured in a
system of eight spins for two sets of trap parameters, corresponding to a more long-range or more
short-range interaction profile. (A) and (B) depict the individual elements of the measured coupling
matrix. (C) plots measured average interactions against ion separation and shows fits to a power law
J0=ra. The error in a is an estimate of the standard error in the fit parameter; this takes into account the
errors in the Ji,j estimates based on fit error and statistical error in population measurements (20).
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In general, subjecting a left-right symmetric state
to a global resonant probe field prepares symmet-
ric superpositions of states that exhibit a degree of
entanglement, although this is difficult to detect
without individual rotations for readout.
We generate entanglement by subjecting an

initial state j111⋯11〉 to multiple frequencies simul-
taneously, such that all of the possible transitions
are driven equally. After an appropriate time, the
system will ideally be driven into a W-type state of
the form

jYW 〉 ¼ 1ffiffiffiffi
N

p
�
eif0 j011⋯11〉þ eif1 j101⋯11〉 þ

⋯þ eif1 j111⋯01〉þ eif0 j111⋯10〉
�

ð4Þ

where the phases fi depend on the relative phase
of the applied modulation frequencies. Entan-
glement can then be detected using global mea-
surements of the magnetization along various
directions of the Bloch sphere (29). In particular,
we use a witness operator

Wss ¼ ðN − 1Þð< J2x > − < Jx >2Þ þ N

2
−

< J2y > − < J2z > ð5Þ

where Jg ≡ 1
2

N

∑
i¼1
sgi (with appropriate phases) and

angle brackets denote ensemble averages. This
spin-squeezing observable will always be positive
for separable states, so measurement of a neg-
ative value certifies that at least two particles are
entangled. We prepare an entangled state of four
spins by applying two simultaneous frequencies
of the modulated transverse field to the state
j1111〉 with an appropriate relative phase for

1.8 ms and measure the resulting state along
the Bloch sphere directions x, y, and z to obtain
the witness shown above. This certifies that the
full state is entangled. Moreover, individual spin-
state imaging allows us to trace over any given
spin or pair of spins and apply the witness to this
reduced density matrix. Table S1 displays these
data, which is consistent with entanglement in
every possible reduced state.
Many-body spectroscopy using a transverse

probe field further enables determination of
each individual spin-spin coupling Ji;j . Using
only N þ 1 scans of the probe frequency, we can

measure

�
N
2

�
¼ NðN − 1Þ=2 energy splittings

and thus determine the entire interaction matrix

of

�
N
2

�
couplings (e.g., Eq. 3). For example, one

scan probes the state j1111⋯〉 and yields the N
energy splittings to the single-defect states. Then,
as in fig. S1, N additional scans starting from each
single-defect state determine N−1 further energy
splittings. In total, these N þ 1 scans yield N2

measurements [N from the first probe scan and
NðN − 1Þ from the rest]. Because of the parallel
processing enabled by imaging individual spin
states, the number of measurements to evaluate
all spin-spin couplings scales only linearly with
the system size (20). We perform this verification
protocol on a system of eight spins with two dif-
ferent interaction ranges. We can measure the
full interaction matrix with five frequency scans;
because of the left-right symmetry, single-defect
states are populated in pairs and only four scans
are necessary to probe all eight of the defect states.
In contrast, mapping all 2N energies (as done
above with five spins) would already require ~100
scans for an eight-spin system. The obtainedmatrix

agrees well with theory; roughly 70% of measured
interactionsmatch the prediction within 1s stan-
dard error. We observe a distinction in the cou-
pling matrices for differently chosen ranges of
spin-spin interactions (Fig. 3).
Finally, we probe energy levels at nonzero

transverse field B0, including near the critical
region B0 ≈ < J >. Determining the critical en-
ergy gap D, at which the energy difference
between the ground and lowest coupled excited
states is minimized, is useful because this pa-
rameter determines the ability to perform an
adiabatic sweep of the transverse field (19, 30).
However, measuring the critical gap is difficult
in general because of the inability to measure or
even know the instantaneous eigenbasis.
The protocol described in Fig. 1 is effective

even when there is a small dc field B0 (Fig. 4, A
and B) but breaks down near the critical region.
However, for a finite-size ferromagnetic system,
measurements along a different axis of the Bloch
sphere (here,

ˇ

x þ

ˇ

y) allow us to still observe tran-
sitions from the ground to the first coupled ex-
cited state near the critical gap (Fig. 4, C and D).
As shown in Fig. 4E, these experiments allow us
to map the lowest coupled excited state from
B0 ¼ 0 beyond the critical energy gap D. The
downward drift in energies near B0 ¼ 0 can be
attributed to drifts in laser and trap parameters
as the experiments progressed from higher to
lower fields. An alternative protocol, which follows
the time evolution after a quench, has recently
been proposed for measuring the critical gap
and may scale better for larger systems (31).
Our technique will no doubt benefit from

further refinements borrowing from the ex-
tensive literature of spectroscopic methods de-
veloped in other fields, such as nuclear magnetic
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resonance (32). In addition, the protocol devel-
oped here is general and will affect experiments
with ion traps and other platforms as system
sizes increase, both in full calibrations of the
coupling matrix and in the ability to observe a
single quantity that serves as a proxy for the
entire Hamiltonian.
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DUAL CATALYSIS

Single-electron transmetalation in
organoboron cross-coupling by
photoredox/nickel dual catalysis
John C. Tellis,* David N. Primer,* Gary A. Molander†

The routine application of Csp3-hybridized nucleophiles in cross-coupling reactions remains
an unsolved challenge in organic chemistry. The sluggish transmetalation rates observed
for the preferred organoboron reagents in such transformations are a consequence of
the two-electron mechanism underlying the standard catalytic approach. We describe a
mechanistically distinct single-electron transfer-based strategy for the activation of
organoboron reagents toward transmetalation that exhibits complementary reactivity
patterns. Application of an iridium photoredox catalyst in tandem with a nickel catalyst
effects the cross-coupling of potassium alkoxyalkyl- and benzyltrifluoroborates with an
array of aryl bromides under exceptionally mild conditions (visible light, ambient temperature,
no strong base). The transformation has been extended to the asymmetric and
stereoconvergent cross-coupling of a secondary benzyltrifluoroborate.

T
he immense impact of transition metal–
catalyzed cross-coupling has been well rec-
ognized, with the Suzuki-Miyaura reaction
in particular emerging as a preferredmeth-
od for the construction of C-C bonds in both

industrial and academic settings (1). Tradition-
ally, cross-coupling reactions employ a three-
step catalytic cycle (Fig. 1): (i) oxidative addition
of an organic halide at Pd0, (ii) transmetalation
of an organometallic nucleophile to an organo-
palladium(II) electrophile, and (iii) reductive elim-
ination from a diorganopalladium(II) species,
releasing the coupled product and regenerating
the Pd0 catalyst (1, 2). Although these methods
are highly effective for Csp2-Csp2 coupling, exten-
sion to Csp3 centers has proven challenging be-
cause of lower rates of oxidative addition and
transmetalation, as well as the propensity of
the alkylmetallic intermediates to undergo facile
b-hydride elimination (2). Recent advances in
ligand technology and the use of alternative
metals, such as nickel, have greatly expanded
the scope of the electrophilic component, extend-
ing even to sterically hindered and unactivated
alkyl substrates, and have largely succeeded in
retarding problematic b-hydride elimination (3).
Despite the progress achieved in advancement
of the other fundamental steps, transmetalation
has remained largely unchanged since the in-
ception of cross-coupling chemistry. As such,
cross-couplings conducted under the traditional
mechanistic manifold typically result in trans-
metalations that are rate-limiting (4).
To date, strategies aimed at accelerating the

rate of transmetalation of Csp3-hybridized boronic
acid reagents have been largely rudimentary. In
most cases, excess base and high temperature

are used, thereby limiting functional group tol-
erance and augmenting deleterious side reac-
tions (5). Stoichiometric Ag and Cu salts have
been shown to improve transmetalation efficien-
cy in some systems (6–8), although the mech-
anism by which the acceleration is achieved is
unclear (9), thus limiting their widespread ap-
plication. Often, the only viable alternative to
overcome a slow transmetalation is to abandon
the readily available boronic acids and make use
of more reactive organometallic reagents. Thus,
alkylboranes, alkylzincs, or the corresponding
Grignard reagents—all of which lack functional
group tolerance and are unstable to air—are
often used for alkyl cross-coupling (1).
The challenge of alkylboron transmetalation

was recognized to arise directly from mecha-
nistic limitations inherent in the two-electron
nature of the conventional process, wherein re-
activity is inversely proportional to heterolytic
C-B bond strength, thus predisposing Csp3 nu-
cleophiles for failure in cross-coupling reactions
(10, 11). Rather than attempting to override the
inherent biases of the conventional transmetala-
tion pathway, we anticipated that development
of an activation mode based on single-electron
transfer (SET) chemistry would constitute a more
efficient strategy for engaging this class of re-
agents (Fig. 1). Trends in homolytic C-B bond
strength (12) dictate that such a reaction mani-
fold would exhibit reactivity trends complemen-
tary to that of a traditional cross-coupling, with
Csp3-hybridized nucleophiles now ideally primed
for successful implementation.
The first challenge associated with the realiza-

tion of this ideal is the oxidative profile of radical
capture at a transition metal center (R· + Mn →
R-Mn+1), which necessitates a subsequent reduc-
tion to maintain the redox neutrality of a tra-
ditional transmetalation. Here, application of
visible-light photoredox catalysis (13, 14), was
envisioned to satisfy the requirements of this
unique series of SETs. Encouragement in this
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regard was found in the work of Sanford and
Glorius, who had demonstrated that coopera-
tive catalysis between transition metals and
photoredox catalysts is indeed possible (15–17).
Potassium organotrifluoroborates were iden-
tified as promising partners in this new class of
cross-couplings, as previous reports have docu-
mented their ability to function as carbon radical
sources upon single-electron oxidation (18, 19).
Furthermore, Akita and co-workers have used
Ir[dFCF3ppy]2(bpy)PF6 (dFCF3ppy = 2-(2,4-
difluorophenyl)-5-(trifluoromethyl)pyridine; bpy =
bipyridine) as a catalyst for the oxidation of ac-
tivated potassium organotrifluoroborates, dem-
onstrating the feasibility of their implementation
in the proposed single-electron transmetalation
manifold (20, 21).
Studies were initiated with nickel as a result

of its high reactivity toward organic halides and
its favorable single-electron redox potentials.
We anticipated that the combination of a mono-
meric Ni(0) catalyst 1 and an aryl halide 2would
result in rapid oxidative addition, generating
Ni(II) species 3. Concomitantly, visible-light
irradiation of Ir[dFCF3ppy]2(bpy)PF6 4 would
generate the excited-state complex 5, the reduc-
tion potential of which is sufficiently high [elec-
trochemical potential of reduction Ered = +1.21 V
(22, 23)] to induce single-electron oxidation of an
activated alkyltrifluoroborate 6 [electrochemical
potential of oxidation Eox = –1.10 V (20)], afford-
ing the desired alkyl radical 7 upon fragmen-
tation. Subsequent capture of the alkyl radical
at Ni(II) would then yield high-valent Ni(III)
intermediate 9, which was expected to undergo
reductive elimination to generate thedesired cross-
coupled product 10 and Ni(I) complex 11. From
here, reduction of 11 [Ered > –1.10 V (24, 25)] by the
reduced form of the photocatalyst8 [Eox = +1.37 V
(21)] would regenerate both the Ni(0) catalyst
1 and the Ir catalyst 4, closing the dual cata-
lytic cycle.
As a proof of concept, this dual catalytic single-

electron transmetalation approach was applied
to the cross-coupling of benzylic trifluoroborates
and aryl bromides (Fig. 2). Our efforts were quickly
rewarded, as a catalytic system consisting of pho-
tocatalyst 4, Ni(COD)2 (COD = 1,5-cyclooctadiene),
4,4-di-tert-butyl-2,2′-bipyridine (dtbbpy) as lig-
and, and 2,6-lutidine as an additive effected the
cross-coupling of potassium benzyltrifluorobo-
rate and bromobenzonitrile in 89% yield upon
exposure to visible light from a 26-W compact
fluorescent light bulb at room temperature for
24 hours. Control reactions performed in the
absence of photocatalyst, Ni catalyst, or light
resulted in no detectable product formation,
confirming the essential role of each of these
components in the dual catalytic process (26).
We next analyzed the scope of the reactionwith

regard to both the benzylic trifluoroborate and
aryl halide. As expected, electronic modification
of the trifluoroborate component had a mod-
erate effect on reaction yield, withmore electron-
rich, and thus more highly stabilized, radical
precursors (16 and 18) performing better than
those substituted with electron-withdrawing

groups (15 and 17). Substrates possessing an
ortho substituent were well tolerated, as evi-
denced by isolation of product 13 in 82% yield.
The reaction also exhibited increased efficiency
on a larger scale, as diarylmethane 12was isolated
in 97% yield on a 5.5-mmol scale with reduced
catalyst loading [1 mol % 4 and 1.5 mol % of Ni
(COD)2 and ligand].
High levels of versatility and functional group

tolerance were observed with regard to the aryl
halide partner. Substrates bearing electrophilic
functional groups that would be incompatible
with more highly reactive organometallic nucleo-
philes were well tolerated. Protic functional
groups, including amide 27, sulfonamide 39,
phenol 26, pyrazole 32, and -NHBoc 28, could
also be used. Substrates possessing substituents
ortho to the halide (25, 37) were tolerated, albeit
in diminished yield. The absence of a strong base
permitted the coupling of amino acid derivative
28 with no observable epimerization, demon-
strating the potential utility of this method for
late-stage functionalization of peptides or for use
with molecules containing other base-sensitive
functional groups.
A variety of nitrogen-containing heteroaryl

bromides—classically challenging yet highly valued
substrates because of their prevalence in biolog-
ically active compounds (27)—performed well un-
der the optimized reaction conditions. Pyridine
substrates were coupled in all possible regioiso-
meric configurations (29, 30, 31, 33). Other
importantN-heterocycles, including pyrimidine

34, indole 35, and quinoline 37, proved to be
competent partners. Although five-membered
heterocyclic bromides generally exhibited poor
reactivity, electron-deficient thienyl bromides
were coupled in moderate yields, leading to 38
and 39.
Several practical and more sustainable fea-

tures derive from this approach to cross-coupling.
Previous approaches to the cross-coupling of
benzylboron compounds with aryl halides have
required excess (3 equiv) aqueous base and tem-
peratures no lower than 60°C (28–30). Further-
more, the present reaction makes use of air-stable
and inexpensive bipyridine ligands with low
loading of the Ni catalyst. A derivative of photo-
catalyst 4 has recently been made commercially
available and is similarly effective in promot-
ing the desired reactivity.
The reported cross-coupling reactions gener-

ally exhibited levels of efficiency and functional
group tolerance equal to or surpassing those of
traditional cross-coupling reactions on similar
substrates. Most reactions cleanly afforded the
desired product, with the remaining mass balance
consisting of only unreacted aryl halide. Com-
peting homocoupling of the trifluoroborate to
afford bibenzyl derivatives was undetectable by
crude high-performance liquid chromatography
analysis, allowing use of only a slight excess (1.2
equiv) of this reaction partner, which is typical
in traditional Suzuki-Miyaura cross-couplings.
Also of note is the compatibility of this reaction
manifold with functional groups susceptible to
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Fig. 1. Comparison of transmetalation in the palladium-catalyzed Suzuki-Miyaura cross-coupling
and the proposed single-electron transmetalation in photoredox/nickel cross-coupling. Ir =
Ir[dFCF3ppy]2(bpy)PF6, R = generic organic subunit, Ar = aryl group.
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single-electron oxidation or potentially reactive
toward the radical intermediates, including phe-
nol, anilide, and thienyl substructures, as well as
five-membered nitrogen heterocycles. Remark-
ably, even 4-bromostyrene could be used as an
electrophile without competitive radical capture
or polymerization, affording diarylmethane 40
in 61% yield. The surprising compatibility of the
reaction manifold with this substrate may sug-
gest a mechanistic scenario more complex than
that proposed in Fig. 1. However, the radical
nature of the activation mode is strongly sup-
ported by the previous studies of Akita (20, 21)
and our own experiments using chiral ligand
scaffolds and racemic secondary alkyl nucleo-
philes (see below).
As a demonstration of the broader potential of

the application of single-electron transmetalation
in this dual catalytic cross-coupling, the conditions
optimized for use with primary benzylic trifluoro-
borates were directly applied to the cross-coupling
of a secondary (a-alkoxy)alkyltrifluoroborate
(Fig. 3). Comparable single-electron oxidation

potentials (20, 21) serve as the singular com-
monality between these structurally dissimilar
reagents. Thus, C-C bond formation via single-
electron transmetalation proceeded smoothly
under these extremely mild and unoptimized
conditions. The differential reactivity between
the two-electron and single-electron transme-
talation processes is underscored by the stark
differences in conditions previously reported
for (a-alkoxy)alkyltrifluoroborate cross-coupling
(5 equiv CsOH, 105°C, 24 hours) versus those de-
scribed herein (31). The observed reactivity also
serves to demonstrate tolerance of substrates
possessing b-hydrogens—a characteristic that is
requisite for any general method for the cross-
coupling of alkyl substructures.
To highlight further the differences between the

activation mode reported here and that of tradi-
tional cross-coupling, we performed a competition
experiment between potassium benzyltrifluoro-
borate and potassium phenyltrifluoroborate. Expo-
sure of these two nucleophiles to the photoredox
cross-coupling conditions resulted in isolation

of diarylmethane product 12 in 91% isolated
yield, with no observable biaryl formation (Fig. 4).
The ability to engage a Csp3-hybridized organo-
metallic reagent selectively in a transitionmetal–
catalyzedC-Cbond-formingreaction in thepresence
of an equivalent Csp2-hybridized organometallic
represents a striking reversal of the reactivity
hierarchy of previously reported cross-coupling
reactions. This effectively demonstrates the com-
plementary reactivity patterns observed between
the single-electron and two-electron transmetal-
ation modes.
Another important implication of the single-

electron transmetalation manifold is related to
the stereochemical outcome of the alkyl transfer.
Nearly all cross-coupling reactions of stereo-
defined nucleophiles reported heretofore have
demonstrated the transmetalation event to be
stereospecific (32). Thus, enantioenriched products
may only be accessed from nonracemic and con-
figurationally stable organometallic reagents,
which are often difficult to access. Isolated ex-
amples of stereoconvergence in transmetalation
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Fig. 2. Photoredoxcross-couplingof benzylic trifluoroborates andaryl bromides.All yields are percent isolated yield of pure material after chromatography.
Reactions were performed on aryl halide (0.5 mmol). Boc = tert-butoxycarbonyl, Me = methyl, Ph = phenyl, Ac = acetyl.
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exist, specifically in the context of secondary
benzylmagnesium reagents, a pyrrolidine-based
organozinc, and a diastereoconvergent cross-
coupling of substituted cyclohexylzinc reagents
(33–36). Stereoconvergence in the former is
thought to be enabled by dynamic kinetic res-
olution of the configurationally unstable Grignard
reagent; the origin of selectivity in the latter is
not fully understood. None of these approaches
constitute a general strategy for stereoconver-
gent transmetalation beyond the scope of the
directly explored reagents.
In contrast, the stereochemical outcome of

the single-electron transmetalation is dictated
by facial selectivity of the addition of a prochiral
alkyl radical to a ligated Ni center. Thus, appli-
cation of a chiral ligand framework renders
this process asymmetric and provides a general
reaction manifold in which stereoconvergent
transmetalation can be achieved. Well-known
stereoconvergent cross-couplings of alkyl halides,
which putatively undergo a similar mechanistic
step, provide guidance for selection of appro-
priate ligand scaffolds to maximize the stereo-
selectivity of the radical capture (37). Indeed,
when we used commercially available ligand L1

under slightly modified conditions, racemic tri-
fluoroborate 44was engaged in stereoconvergent
cross-coupling with methyl 3-bromobenzoate,
affording 1,1-diarylethane product 45 in 52%
yield and a promising enantiomeric ratio of 75:25
(Fig. 4). The observed stereoconvergence serves
as an effective mechanistic probe that supports
the role of the organotrifluoroborate as a car-
bon radical precursor, provides evidence that
the radical is intercepted by the ligated Ni com-
plex, and suggests that C-C bond formation oc-
curs via reductive elimination from Ni.
This preliminary result strongly implies that

high levels of stereoselectivity are possible in
the photoredox cross-coupling of secondary alkyl
nucleophiles with appropriate modification of
reaction conditions and ligand structure. Refine-
ment of this approach toasymmetric cross-coupling
will provide a powerful advancement to the field
by alleviating the need for synthesis of enantio-
enriched organometallic reagents. Taken together,
our findings effectively validate the single-electron
transmetalation manifold and dual photoredox/
cross-coupling cycle as a viable alternative to
conventional cross-coupling of Csp3-hybridized
nucleophiles.
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Fig. 3. Photoredox cross-coupling of a secondary (a-alkoxy)alkyltrifluoroborate with 4-bromobenzonitrile.

A

B

Fig. 4. Probing chemo- and stereoselectivity. (A) Competition experiment between potassium
benzyltrifluoroborate and potassium phenyltrifluoroborate under photoredox cross-coupling conditions.
(B) Stereoconvergent cross-coupling of a racemic trifluoroborate 44 and aryl bromide to afford an
enantioenriched product. Reactions were performed on aryl bromide (0.5 mmol). *Determined by chiral
supercritical fluid chromatography (SFC). †Absolute configuration was assigned as (S) on the basis of
data reported in the literature. er = enantiomeric ratio.
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DUAL CATALYSIS

Merging photoredox with nickel
catalysis: Coupling of α-carboxyl
sp3-carbons with aryl halides
Zhiwei Zuo, Derek T. Ahneman, Lingling Chu, Jack A. Terrett,
Abigail G. Doyle,* David W. C. MacMillan*

Over the past 40 years, transition metal catalysis has enabled bond formation between
aryl and olefinic (sp2) carbons in a selective and predictable manner with high functional
group tolerance. Couplings involving alkyl (sp3) carbons have proven more challenging.
Here, we demonstrate that the synergistic combination of photoredox catalysis and nickel
catalysis provides an alternative cross-coupling paradigm, in which simple and readily
available organic molecules can be systematically used as coupling partners. By using
this photoredox-metal catalysis approach, we have achieved a direct decarboxylative
sp3–sp2 cross-coupling of amino acids, as well as a-O– or phenyl-substituted carboxylic
acids, with aryl halides. Moreover, this mode of catalysis can be applied to direct
cross-coupling of Csp3–H in dimethylaniline with aryl halides via C–H functionalization.

V
isible light photoredox catalysis has emerged
in recent years as a powerful technique in
organic synthesis. This class of catalysis
makes use of transition metal polypyridyl
complexes that, upon excitation by visible

light, engage in single-electron transfer (SET) with
common functional groups, activatingorganicmol-
ecules toward a diverse array of valuable trans-
formations (1–5). Much of the utility of photoredox
catalysis hinges on its capacity to generate non-
traditional sites of reactivity on common substrates
via low-barrier, open-shell processes, thereby fos-
tering the use of abundant and inexpensive start-
ing materials.
Over the past century, transitionmetal-catalyzed

cross-coupling reactions have evolved to be among
the most used C–C and C–heteroatom bond-
forming reactions in chemical synthesis. In par-
ticular, nickel catalysis has provided numerous
avenues to forge carbon–carbonbonds via a variety
of well-known coupling protocols (Negishi, Suzuki-
Miyaura, Stille, Kumada, and Hiyama couplings,
among others) (6, 7). The broad functional group
tolerance of these reactions enables a highly mod-
ular building block approach to molecule con-
struction. Organometallic cross-couplingmethods
are traditionally predicated on the use of aryl or
vinyl boronic acids, zinc halides, stannanes, or
Grignard fragments that undergo addition to a
corresponding aryl or vinyl halide partner.
We recently questioned whether visible-light

photoredox and nickel transition metal cataly-
sis might be successfully combined to create a
dual catalysis platform for modular C–C bond
formation (Fig. 1) (8–14). Through a synergistic
merger of these two activationmodes, we hoped
to deliver amechanism by which feedstock chem-
icals that contain common yet nontraditional

leaving groups (Csp3–CO2H or Csp3–H bonds)
could serve as useful coupling partners. Among
many advantages, this multicatalysis strategy
would enable a modular approach to sp3–sp2

or sp3–sp3 bond formations that is not currently
possible by using either photoredox or transi-
tionmetal catalysis alone. We sought to develop a
general method that would exploit naturally
abundant, inexpensive, and orthogonal functional
handles (e.g., C–CO2H, C–H with C–Br, or C–I).
We proposed that two interwoven catalytic

cycles might be engineered to simultaneously
generate (i) an organometallic nickel(II) species
via the oxidative addition of a Ni(0) catalyst to an
aryl (Ar), alkenyl, or alkyl halide coupling partner

and (ii) a carbon-centered radical generated through
a photomediated oxidation event (Fig. 2). Given
that organic radicals are known to rapidly com-
bine with Ni(II) complexes (15, 16), we hoped
that this dual catalysis mechanismwould success-
fully converge in the form of Ni(III)(Ar)(alkyl)
that, upon reductive elimination, would deliver
our desired C–C fragment coupling product. One
of our laboratories has demonstrated that photo-
redox catalysis affords access to a-amino radicals
by two distinct methods: via decarboxylation of a
carboxylic acid or by an oxidation, deprotonation
sequence with N-aryl or trialkyl amines (17, 18).
The other laboratory has explored Ni-catalyzed
cross-coupling reactions with iminium ions that
proceed via a putativea-aminonickel intermediate
(19–21). Given our respective research areas, we
sought to jointly explore the capacity of a nickel
(II) aryl species to intercept a photoredox-generated
a-amino radical, thereby setting the stage for the
fragment coupling. We recognized that the sum
of these two catalytic processes could potentially
overcome a series of limitations that exist for each
of these catalysis methods in their own right.
A detailed description of our proposed mech-

anistic cycle for the decarboxylative coupling is
outlined in Fig. 2. We presumed that initial
irradiationofheteroleptic iridium(III)photocatalyst
Ir[dF(CF3)ppy]2(dtbbpy)PF6 [dF(CF3)ppy = 2-
(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine,
dtbbpy = 4,4´-di-tert-butyl-2,2´-bipyridine] (1)
would produce the long-lived photoexcited *IrIII

state 2 (exposure time t = 2.3 ms) (22). Deproto-
nation of the a-amino acid substrate 3with base
and oxidation by the excited-state *IrIII complex
{E1/2

red [*IrIII/IrII] = +1.21 V versus saturated
calomel electrode (SCE) in CH3CN} (22) via a
SET event would then generate a carboxyl rad-
ical, which upon rapid loss of CO2 would deliver
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Fig. 1. The merger of photoredox and nickel catalysis yields access to direct sp3-sp2 cross-
coupling. R, alkyl group.
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Fig. 2. Proposed mechanistic
pathway of photoredox-
nickel-catalyzed decarboxylative
arylation. Me, methyl group; L,
ligand; Alk, alkyl group.

Fig. 3. Photoredox-nickel catalyzed decarboxylative cross-coupling: aryl halide scope. CFL, compact fluorescent light; Bu, butyl group; Ac,
acetyl group.
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the a-amino radical 4 and the corresponding IrII

species 5. Given the established oxidation poten-
tial of prototypical amino acid carboxylate salts,
we expected this process to be thermodynami-

cally favorable [tert-butyl carbamoyl (Boc)–Pro-
OCs, E1/2

red = +0.95 V versus SCE in CH3CN) (17).
Concurrently with this photoredox cycle, we
hoped that oxidative addition of theNi(0) species

6 into an aryl halide would produce the Ni(II)
intermediate 7. We anticipated that this Ni(II)-
aryl species would rapidly intercept the a-amino
radical 4, forming the organometallic Ni(III)
adduct 8. Subsequent reductive elimination
would forge the requisite C–C bond while deliv-
ering the desired a-amino arylation product 10
and expelling the Ni(I) intermediate 9. Last, SET
between the IrII species 5 and the Ni complex 9
would accomplish the exergonic reduction of
Ni(I) to Ni(0) {on the basis of the established two-
electron reduction potential of Ni(II) to Ni(0), we
presume that reduction of Ni(I) to Ni(0) should
be thermodynamically favorable, E1/2

red [NiII/Ni0] =
–1.2 V versus SCE in N,N´-dimethylformamide
(DMF)} by the IrII species 5 {E1/2

red [IrIII/IrII] =
–1.37 V versus SCE in CH3CN} (22, 23), thereby
completing both the photoredox and the nickel
catalytic cycles simultaneously.
With this mechanistic hypothesis in hand, we

first examined the proposed coupling by using
N-Boc proline, para-iodotoluene, and awide range
of photoredox and ligated nickel catalysts. To our
delight, we found that the combination of Ir[dF
(CF3)ppy]2(dtbbpy)PF6 and NiCl2•glyme (glycol
ether), dtbbpy, in the presence of 1.5 equivalents
of Cs2CO3 base and white light from a 26-W
compact fluorescent bulb, achieved the desired
fragment coupling in 78% yield. During our op-
timization studies, we found that use of a bench-
stable Ni(II) source, such as NiCl2•glyme, was
sufficient to generate the arylation product with
comparable efficiency to a Ni(0) source. We attri-
bute this result to in situ photocatalytic reduc-
tion ofNi(II) to Ni(0) via two discrete SET events,
with excess amino acid likely serving as the sac-
rificial reductant to access the active Ni catalyst
{E1/2

red [NiII/Ni0] = –1.2 V versus SCE inDMF} (23).
We believe that it is unlikely that the Ni(II)(Ar)
X intermediate 7 undergoes a SET event to form
Ni(I)Ar, given the poorly matched reduction po-
tentials of the species involved {compare with
E1/2

red [NiIIArX/NiIAr] = –1.7 V versus SCE in
CH3CN and E1/2

red [IrIII/IrII] = –1.37 V versus
SCE in CH3CN} (22, 24). However, we recognize
that an alternative pathway could be operable
wherein the oxidative addition step occurs from
the Ni(I) complex to form a Ni(III) aryl halide
adduct. In this pathway, photocatalyst-mediated
reduction of the aryl-Ni(III) salt to the correspond-
ing Ni(II) species followed by the a-amino radical
addition step would then form the same produc-
tive Ni(III) adduct 8, as shown in Fig. 2. Given
that (i) Ni(0) complexes undergo oxidative addi-
tion more readily than Ni(I) complexes with aryl
halides (25) and (ii) Ni(II) complexes are believed
to rapidly engagewith sp3 carbon-centered radicals
to form Ni(III) species (enabling sp3–sp2 and
sp3–sp3 C–C bond formations) (15, 16), we favor
the dual-catalysis mechanism outlined in Fig. 2.
Having established the optimal conditions

for this photoredox-nickel decarboxylative aryl-
ation, we focused our attention on the scope of
the aryl halide fragment. As shown in Fig. 3, a
wide range of aryl iodides are amenable to this
dual-catalysis strategy, including both electron-
rich and electron-deficient arenes (10 to 13, 65
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Fig. 4. Amino acid coupling partners and Csp3–H, C–X cross-coupling. (A) Evaluation of the amino
acid coupling partner in the decarboxylative-arylation protocol. Ac, acetyl group; LED, light-emitting
diode. (B) The direct Csp3–H,C–Xcross-coupling via photoredox-nickel catalysis. All yields listed in Figs.
3 and 4 are isolated yields. Reaction conditions for (A) are the same as in Fig. 3. Reaction conditions for
(B) are as follows: photocatalyst 1 [1 mole% (mol%)]; NiCl2·glyme (10mol%), dtbbpy (15mol%), KOH
(3 equiv.), DMF, 23°C, 26-W light. *Iodoarenes used as aryl halide, X = I. †Bromoarene used, X = Br.
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to 78% yield). Many aryl bromides function effec-
tively as well, including those that contain func-
tional groups as diverse as ketones, esters, nitriles,
trifluoromethyl groups, and fluorides (14 to 18, 75
to 90% yield). Heteroaromatics, in the form of
differentially substituted bromopyridines, are also
efficient coupling partners (19 to 22, 60 to 85%
yield). Moreover, aryl chlorides are competent
substrates if the arenes, such as pyridines and
pyrimidines, are electron-deficient (23 and 24,
64 and 65% yield). Only products 15 and 19 in
Fig. 3would be accessible by using our previously
reported photoredox arylation strategy. More-
over, we are unaware of the general use of
Csp3 -bearing carboxylic acids as reaction sub-
strates in transition metal catalysis, an illustra-
tion of the tremendous scope expansion that is
attainable by using this dual catalysis technol-
ogy. These reactions are typically complete in 72
hours at larger scale and 48 hours on smaller
scale (see supplementary text).
Next, we investigated the nature of the car-

boxylic acid coupling partner, as highlighted in
Fig. 4A. A wide variety of a-amino acids func-
tion effectively in this protocol, including various
N-Boc and N-benzyl carbamoyl (N-Cbz) protected
heterocycles (25 to 27, 61 to 93% yield). Acyclic
a-amino acids, containing indole, ester, and thio-
ether functionalities, are also readily tolerated (28
to 32, 72 to 91% yield). a-oxycarboxylic acids can
function as proficient coupling partners, producing
a-arylated ethers in high yield over a single step
(33, 82% yield). Moreover, we have also found
that various phenyl acetic acid substrates func-
tion in this coupling protocolwith high efficiency
(>78% yield, see supplementary text).
To further demonstrate the utility of this dual-

catalysis strategy, we sought to demonstrate the
direct functionalization of Csp3–H bonds with
coupling partners derived from aryl or alkyl
halides. Given that our decarboxylation-arylation
mechanism involves the rapid addition of an
a-amino radical to a Ni(II) salt, we sought to gen-
erate an analogous a-nitrogen carbon–centered
radical via a photoredox-driven N-phenyl (N-Ph)
oxidation, a-C–H deprotonation sequence using
aniline-based substrates (18). We presumed that
this photomediated N-Ph oxidation mechanism
would provide an alternative pathway to the open-
shell carbon intermediate (corresponding to 4,
Fig. 2) and should similarly intercept the puta-
tive Ni(II) intermediate 8. Assuming that the
remaining dual-catalysis mechanism would be
analogous to that shown in Fig. 2, we expected
that a range of direct Csp3–H functionalization
protocols should be possible. Indeed, we were able
to demonstrate that dimethylaniline undergoes
a-amine couplingwith a variety of aryl halides in
the presence of Ir[dF(CF3)ppy]2(dtbbpy)PF6 and
NiCl2•glyme (Fig. 4B). Electron-deficient and
electron-rich iodoarenes give moderate to high
yields (34 to 36, 72 to 93% yield). Moreover, aryl
bromides are competent coupling partners, en-
abling the installation of medicinally important
heterocyclic motifs (37, 60% yield). Last, control
experiments have revealed that the combination
of light, photoredox catalyst 1, and theNiCl2•dtbbpy

complex is essential for product formation in all
examples listed in Figs. 3 and 4. This reaction
represents a powerful foray into direct C–H acti-
vation using orthogonal cross-coupling reactivity.
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EXOPLANET DETECTION

Stellar activity masquerading as
planets in the habitable zone of the
M dwarf Gliese 581
Paul Robertson,1,2* Suvrath Mahadevan,1,2,3 Michael Endl,4 Arpita Roy1,2,3

The M dwarf star Gliese 581 is believed to host four planets, including one (GJ 581d) near
the habitable zone that could possibly support liquid water on its surface if it is a rocky
planet. The detection of another habitable-zone planet—GJ 581g—is disputed, as its
significance depends on the eccentricity assumed for d. Analyzing stellar activity using the
Ha line, we measure a stellar rotation period of 130 T 2 days and a correlation for Ha
modulation with radial velocity. Correcting for activity greatly diminishes the signal of GJ
581d (to 1.5 standard deviations) while significantly boosting the signals of the other
known super-Earth planets. GJ 581d does not exist, but is an artifact of stellar activity
which, when incompletely corrected, causes the false detection of planet g.

A
t a distance of 6.3 parsecs, theM dwarf star
Gliese 581 (GJ 581) is believed to host a
system of planets discovered using the
Doppler radial velocity (RV) technique (1–3)
and a debris disk (4). It is considered a local

analog to compact M dwarf planetary systems
found by the Kepler spacecraft (5, 6).
Although the periods and orbital parameters

of the inner planets b (P = 5.36 days) and c (P =
12.91 days) are unchanged since their initial

discovery (1, 2), the period of planet d was re-
vised from 82 to 66 days (2, 3) upon the dis-
covery of a fourth planet e (P= 3.15 days). Using a
combination of data from the High Accuracy
Radial Velocity Planet Searcher (HARPS) spec-
trograph and the High Resolution Echelle Spec-
trometer (HIRES), planets f (P = 433 days) and g
(P = 36.5 days) were reported (7), and their ex-
istence promptly questioned (8) using addi-
tional data from HARPS. Although the reported
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planet f is now believed not to exist, the exis-
tence of planet g is still claimed by some groups.
Vogt et al. (9) argue for a five-planet circular
model (including g) based on dynamical stability,
whereas studies based on Bayesian statistics (10)
and correlated noise (11, 12) find no evidence for
the existence of g. At close to half the period of
d, its RV signal strongly depends on the eccen-
tricity assumed for the fit to planet d (9, 13). The
existence of planet d itself has been questioned;
an analysis using a correlated noise model (11)
reduced its significance to 2 SD, although d is
still widely believed to exist by the astronomy
community. The Gliese 581 system is also of great
interest because three of the planets (c, d, and g)
have all been considered at one time to be among
the first exoplanets likely to host habitable en-

vironments if they were rocky (2, 7, 14, 15), with
d still being considered an excellent candidate.
This system continues to be studied intensively
[e.g., (16)]. Because stellar activity is an impor-
tant source of noise at the RV amplitudes of the
GJ 581 planets, we seek herein to investigate the
effects of stellar activity on the RVs of GJ 581 in
more detail.
Our analysis of correlation between the RVs

and stellar activity indicators focuses on the
publicly available spectra from the HARPS spec-
trograph (based on data obtained from the Eu-
ropean Southern Observatory Science Archive
Facility under request no. 58160). We adopted
the newest published HARPS RVs (8) and mea-
sured activity indicators for the Ha (IHa) (17) and
Na I D (ID) (18) lines using the spectra. Using the
cross-correlation functions (CCFs) included with
the HARPS spectra, we have calculated the bi-
sector inverse slopes (BIS) as well. We have ex-
cluded one spectrum from our analysis, because
it is likely a flare event. Visual inspection of the
spectra reveals that ID is contaminated by strong
night sky sodium emission lines, which are dif-
ficult to correct without sky fibers. We therefore

constrained our RV analysis to Ha to minimize
error.
The RVs of GJ 581 are dominated by the sig-

nal of planet b. Upon removing this dominant
signal, we detect significant anticorrelation in
the RV residuals with IHa. For the entire data set
(239 spectra), the Pearson correlation coeffi-
cient is r = –0.31 [probability of no correlation,
P(r) = 5 × 10–7]. Examining the BIS for the
HARPS data, we also see evidence for a corre-
lation (r = 0.44 over the most active period)
between BIS and IHa, as might be expected if
stellar activity is the cause of some RV shifts for
GJ 581 (fig. S10).
Frequency analysis of the activity indices

indicates that their variability—and thus the
induced RV signal—is associated with stellar
rotation (fig. S1). The periodogram of IHa shows
a strong peak at 125 days, with an additional
peak at 138 days caused by phase changes in the
rotation signal. The best fit to the time-series
IHa data is obtained when we model individual
sinusoids to the periods fromDecember 2005 to
September 2007 and January 2010 to July 2011,
when the IHa root mean square (RMS) is twice
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Fig. 1. (Top) Periodogram power of d as a function of time and number of HARPS RVs. The power is reported at every five observations. We show the actual
RVs after removing planets b, c, and e (black/red), along with the Keplerian signal of an eccentric 66-day planet sampled with the time stamps and
uncertainties of the HARPS sampling (blue/green). Qualitative levels of stellar activity, based on the IHa index, are shown for different time periods. (Bottom)
HARPS RVs (blue) for the region outlined in pink. Planets b, c, and e have been modeled and removed from the RVs.We overlay our Ha index (red), scaled to
facilitate visual comparison. RV and Ha are strongly correlated, indicating that the remaining Doppler signal is caused by stellar activity.
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as high as during the “quiescent” periods in
2005 and 2009. The sinusoidal models yield an
average rotation period of 130 T 2 days, whereas
the phase and (to a lesser extent) amplitude vary.
The changing phase and amplitude of the

activity-induced stellar rotation signal induce a
variable effect on the RVs, implying that the
slope of the RV-activity correlation is not strict-
ly constant. Instead of evaluating the RV-activity
correlation as one fit over the entire data set,
we have examined RV as a function of IHa over
each observing season in the HARPS archive.
For the December 2005 to September 2007 and
January 2010 to July 2011 time frames, we have
combined two seasons, because IHa shows a
coherent rotation signal across the seasons,
suggesting that the activity behavior remains
approximately constant over these times.
We find significant RV-IHa anticorrelations

(r = –0.45, –0.55, and –0.48) for three of the five
epochs. These three epochs have RMS values of
1.22 × 10–3, 1.10 × 10–3, and 1.31 × 10–3 in IHa, as
opposed to RMSIHa = 4.81 × 10–4 and 4.19 × 10–4

in the other seasons, suggesting that the star is
approximately twice as active during these times.
Although we have removed planets b, c, and e
from the RVs, we find that once planet b has
been removed, the correlation coefficients do not

change significantly before and after removing c
and e. The anticorrelation is particularly striking
for the 2010 season, shown in Fig. 1.
We correct the HARPS RVs by subtracting

the best-fit RV-IHa relation from each of the
three epochs for which we observed a signifi-
cant anticorrelation, leaving the other epochs
unchanged. A new RV model then can be used
to evaluate the effect of the activity correction
on the known exoplanets and to determine
whether any additional signals exist. We detect
the known planets b, c, and e using the gener-
alized Lomb-Scargle periodogram (19) (Fig. 2).
For planets c and e, we observe significant in-
creases in signal power upon correcting for ac-
tivity. The power of planet c increases from 53.5
to 57.6, while the power of e increases from 23.5
to 30.3. Formally, false-alarm probability (FAP)
[from (11)] scales approximately as e–P

ffiffiffi
P

p
for a

Lomb-Scargle periodogram with power P; thus,
the power increase translates to a decrease in
FAP by a factor of 60 for planet c and 800 for
planet e.
In contrast, the power of planet d drops from

31.4 to 11.6 after we apply our activity correction.
As shown in Fig. 1, the periodogram power in-
creases as a planet would during periods of high
activity but decreases over the epoch with lowest

RMSIHa. Planet d has a reported period of 66 days,
which is roughly equal to half the stellar rotation
period, suggesting that it is a harmonic that loses
significance when the rotation signal is removed
via decorrelating with IHa.
In Table 1, we list the parameters of our three-

planet model to the activity-corrected HARPS
RVs. We fit the RVs using the GaussFit (20) and
Systemic (21) software packages, finding good
agreement between the two. Our model does
not differ much from previous fits to planets b,
c, and e (3, 8, 9), except that planet e no longer
shows any eccentricity after the activity correc-
tion. In the corrected RVs, the 66-day signal ap-
pears only at the 1.5-SD significance level in the
residual periodogram, and the 33- or 36-day
signal does not appear at all. We conclude that
the three-planet solution with activity-induced
variability fully explains the observations.
We assert that the periodic RV signal at 66 days

is an artifact induced by the stellar rotation rath-
er than an exoplanet. Previous studies (3, 7) dis-
counted starspot-induced rotational modulation
as theorigin ofRV signals corresponding toplanets
d and g because the low photometric variabil-
ity of the star suggests that any spots present
should be too small to create the observed sig-
nals. However, spatially localized magnetic
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Fig. 2. Periodograms for the HARPS RVs before (blue) and after (red) correcting for stellar activity, with the planets successively subtracted. In the
bottom panel, we also show (pink) the periodogram after subtracting four circular Keplerian signals, illustrating that the signal interpreted as 581 g (7, 9) was
caused by fitting a sinusoidal signal to the 581d signal and performing, in essence, an incomplete correction for stellar activity.
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activity has been observed to influence RV in M
stars without producing spots with high optical
contrast. Striking similarities exist with our ob-
served activity-RV correlation results for GJ 581
and those reported for Barnard’s star, a slow-
rotating, photometrically quiet M dwarf of sim-
ilar spectral type. Observations with the Ultra-
violet and Visual Echelle Spectrograph (UVES)
found an RV-IHa anticorrelation value of r = –
0.498, almost identical to that observed herein
(22). Kürster et al. attribute this phenomenon to
magnetically active regions that stimulate Ha
emission but do not produce spots of high
contrast. These regions impede local convection,
leading to an RV shift. Evidence for a relation
between chromospheric activity, Ha emission,
and convective suppression has also been
observed in the form of a temperature/radius
dependence on Ha activity for low-mass stars
(23). The anticorrelation (i.e., the negative

slope) for RV versus IHa suggests that the stellar
lines used for RV determination are emitted
from a region of convective overshoot.
Although the activity-induced RV we observe

may not be due to “typical” dark starspots, lo-
calized, rotating regions that magnetically alter
the convective velocity field would create RV sig-
natures equivalent to spots. In the absence of
simultaneous high-precision photometric moni-
toring, it is difficult to deduce the relative con-
tributions of these different mechanisms. We
therefore refer to these as active regions (ARs)
hereafter. A single rotating starspot creates an
RV signal at the rotation period and injects
power at a number of its harmonics, primarily
Prot/2, Prot/3, and Prot/4 (24). For the purposes
of exploring the qualitative impact of such ARs
on RV, a starspot model should suffice. For a ro-
tation period of 130 days, the activity-induced RV
signal always includes significant power near the

period of planet d. We present two hypotheses for
the lack of an observed signal at the periodogram
around 130 days. One explanation lies in the
geometry of the star and its ARs. The shape of
an activity-induced RV signal changes as a func-
tion of the stellar inclination and the latitudes of
the ARs, sometimes transferring RV power out
of the rotation period into its harmonics. As an
illustration, in an analysis using the SOAP (Spot
Oscillation and Planet) code (24) (fig. S7), for an
inclination of 50° for the star [consistent with
that of its debris disk (4)] and spots near the
stellar equator, the spot-induced RVs are domi-
nated by the 66-day signal. A more important
factor, though, is that for the 2010 to 2011 ob-
serving epoch, the Ha activity contains two sig-
nals of roughly equal power at 128 and 69 days,
indicating the presence of two ARs instead of
one. In this epoch, we find (fig. S4) that the
activity-RV correlation is driven by the 69-day
signal rather than the rotation period, indicat-
ing that activity is injecting RV power at half
the rotation period while two ARs are present.
The addition of power at half the rotation period
for 109 of 240 observations explains the domi-
nance of the Prot/2 signal.
Our activity analysis also helps explain why

the signal ascribed to planet d is not observed
in the Keck/HIRES RVs alone (11). We have com-
puted IHa for the HIRES spectra, which we show
alongside the HARPS measurements in Fig. 3.
TheHIRES data only cover the last portion of the
active phase from December 2005 to September
2007 and have very little coverage in 2010 to
2011, where two ARs drive the 66-day period.
Coupled with the higher reported error bars of
HIRES compared with HARPS, this yields a non-
detection of the 66-day signal.
The signal of the 33- or 36-day “planet g,” the

existence of which has already been called into
question, is also an artifact of stellar rotation
because no hint of it remains after the activity
correction. Close to P = Prot/4, it is another har-
monic of the rotation period. Furthermore, the
signal is only observed when fitting a circular
orbit to “planet d,” as shown in the bottom panel
of Fig. 2 (7–9). By fitting a circular Keplerian
model to the 66-day signal, Vogt et al. (7) essen-
tially performed an incomplete stellar activity
correction, and the signal of “planet g” was sim-
ply leftover noise created by stellar activity.
The impact of stellar activity on the GJ 581

system demonstrates the crucial importance of
understanding and treating the presence of ac-
tivity signals in the quest for low-mass planets.
Our activity correction clearly distinguishes be-
tween planetary and stellar signals and reduces
the astrophysical noise in the data sufficiently
that the signals of very low-mass planets are
recovered atmuch higher significance. This anal-
ysis also naturally explains the correlated (red)
noise seen in analysis of the HARPS and HIRES
data (11).
Given the advantages of RV surveys of slow-

rotating low-mass M dwarfs for RV searches, the
physical mechanism that inhibits the convective
motion in the stellar atmosphere should be the
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Fig. 3. Ha indices from HARPS (red) and HIRES (purple). The periods of greatest rotational mod-
ulation are shaded. Note the sparse HIRES coverage in the last shaded region, where the signal of the
66-day signal is strongest in both RV and IHa.

Table 1. Orbital solution for GJ 581 planets after correcting for stellar activity. AU, astronomical
units; BJD, barycentric Julian date.

Orbital parameter Planet b Planet c Planet e

Period P (days) 5.3686 T 0.0001 12.914 T 0.002 3.1490 T 0.0002
Periastron passage T0

(BJD –2,450,000)
4751.76 T 0.01 4759.2 T 0.1 4752.33 T 0.05

RV amplitude K (m/s) 12.6 T 0.2 3.3 T 0.2 1.7 T 0.2
Eccentricity e 0.00 T 0.03 0.00 T 0.06 0.00 T 0.06
Semimajor axis a (AU) 0.04061 T 0.00003 0.0721 T 0.0003 0.02815 T 0.00006
Minimum mass M sin i (M⊕) 15.8 T 0.3 5.5 T 0.3 1.7 T 0.2
Zero-point RV offset (m/s) –0.52 T 0.1
RMS (m/s) 2.12
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focus of additional scrutiny. Magnetic activity
that impedes the local convective velocity in solar-
type stars is invariably accompanied by a dark
starspot, so the low contrast of spots in the ARs
of Barnard’s star and GJ 581 may be a feature
unique to low-mass stars. More robust theoret-
ical modeling of magnetohydrodynamics in the
atmospheres of old, low-mass stars is required
to fully understand this phenomenon.
GJ 581d and (the now less widely believed to

exist) GJ 581 g were considered to be among
the first exoplanets likely to host habitable en-
vironments if they were rocky (7, 15). Given the
small number of habitable-zone (HZ) (25) planets
discovered by Doppler surveys aroundM dwarfs,
the removal of GJ 581d affects the RV-based es-
timate of h⊕ (the fraction of stars hosting low-
mass planets in their HZs) around M stars.
This has been estimated as h⊕ = 0:41þ0:54

−0:13 by the
HARPS M dwarf survey (26). The exclusion of
GJ 581d reduces the rate to 33%, still within the
stated error limits. More precise estimates of h⊕
for M stars from Kepler exist [e.g., (5)], but the
various HZ limits used by these estimates prevent
direct comparison. Although GJ 581 may still be
dynamically capable of accommodating terrestrial-
mass planets in itsHZ,we see no evidence at this
time for additional planets in the activity-corrected
residuals around our three-planet model.
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PALEOCLIMATE

Synchronization of North Pacific and
Greenland climates preceded abrupt
deglacial warming
Summer K. Praetorius* and Alan C. Mix

Some proposed mechanisms for transmission of major climate change events between the
North Pacific and North Atlantic predict opposing patterns of variations; others suggest
synchronization. Resolving this conflict has implications for regulation of poleward heat
transport and global climate change. New multidecadal-resolution foraminiferal oxygen
isotope records from the Gulf of Alaska (GOA) reveal sudden shifts between intervals of
synchroneity and asynchroneity with the North Greenland Ice Core Project (NGRIP) d18O
record over the past 18,000 years. Synchronization of these regions occurred 15,500 to
11,000 years ago, just prior to and throughout the most abrupt climate transitions of the
last 20,000 years, suggesting that dynamic coupling of North Pacific and North Atlantic
climates may lead to critical transitions in Earth’s climate system.

A
brupt climate transitions observed during
the last deglaciation (1, 2) and within the
last glacial interval (3) demonstrate that
internal climate feedbacks can amplify the
effects of relatively weak external climate

forcing. Understanding the mechanisms involved
in generating past abrupt transitions, which have
led to regional warming events of ~10°C within 3
to 60 years (2), will help to assess the dynamic
nature of climate tipping points.
Fluctuations in the Atlantic Meridional Over-

turning Circulation (AMOC) are often invoked to
explain millennial-scale climate changes in the
North Atlantic region (4–6), as well as the so-
called bipolar seesaw, which reflects changes in
net oceanic heat transport between the southern
and northern hemispheres (7, 8). An interocean
seesaw also has been proposed to operate be-
tween the North Atlantic and North Pacific, such
that poleward heat transport and/or deep-water
formation increases in the North Pacific during
times of weakened AMOC strength (9–11). This
remains uncertain, however, because models
show conflicting responses for the North Pacific
(10–13). Paleoclimate reconstructions are similarly
in conflict; some support an interocean seesaw
(9, 11, 14),whereasothers suggest in-phase behavior
between the North Atlantic and North Pacific
(15, 16), and still other studies suggest a blend of
northern (atmospheric) and southern (oceanic)

influences (17, 18). If an Atlantic-Pacific seesaw
exists, low northward heat transport in one ocean
might be partly compensated by high northward
heat transport in the other. Conversely, syn-
chronous variations in the two oceanswould tend
to amplify climate changes in the high northern
latitudes by either enhancing or diminishing
meridional heat transport.
Changes in the AMOC and Arctic sea ice have

been identified as “tipping elements” in the cli-
mate system (19); both are influenced by pole-
ward heat transport and have the potential for
rapid transitions (10 to 100 years) to a new cli-
mate state, accompanied by climate and ecosystem
effects that are to some degree irreversible (19).
Several diagnostic signs of approach to a tipping
point have been proposed, including enhanced
spatial correlation (i.e., interconnection or dynam-
ic coupling), increase in short-term variability
(i.e., flickering), and critical slowing down (i.e.,
increased autocorrelation) (20–22). Some paleo-
climate records document flickering and enhanced
variance preceding the abrupt onset of Holocene
and Bølling warmth (23, 24), but evidence for
increased autocorrelation before these transi-
tions has beenmixed (20, 24, 25), leading to debate
as to whether these transitions are true climate
bifurcations (24). No paleoclimate records have yet
shown symptoms of dynamic coupling (see sup-
plementary materials for illustrative model). Here,
we document the onset of enhanced correlation
between North Pacific and North Atlantic clim-
ate variability that shortly precedes the most
abrupt warming events of the last deglaciation.
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This new finding supports the idea that these
abrupt transitions were unstable tipping points
andpoints to apossiblemechanism that couldhave
pushed the system toward a climatic bifurcation.
We developed a high-resolution planktonic

foraminiferal d18O record as a composite from
three sediment cores in the Gulf of Alaska (GOA)
spanning the last 18,000 years (Fig. 1 and fig. S4).
Exceptionally high sedimentation rates provide
sample resolutions similar to that of polar ice

cores; average sample spacing is ~80 years in the
Holocene [0 to 11 thousand years ago (ka)], ~10
years in the deglacial interval (11 to 14.6 ka), and
~35 years during late glacial time (14.7 to 18 ka).
Age controls include 39 planktonic foraminiferal
radiocarbon dates, and a marine reservoir age
constrained by a tephra deposit dated on land
(see supplementary materials).
The GOA d18O record integrates local tempera-

ture, salinity, andglobal ice volume signals,whereas

the North Greenland Ice Core Project (NGRIP)
d18O record (26) reflects local temperature,moisture
transport, and global ice volume. The temperature
component of these d18O records is inversely rel-
ated (in marine carbonates higher d18O is colder,
whereas in ice cores lower d18O is colder); there-
fore, a high negative correlation implies synchro-
nization. The cross correlation was evaluated in
moving time windows for the raw records, as well
as for ice-volume–corrected, and low-pass– and

SCIENCE sciencemag.org 25 JULY 2014 • VOL 345 ISSUE 6195 445

Fig. 1. Map of Gulf of Alaska and NGRIP core locations. Base
map shows average sea surface temperature and sea-ice extent for
December, 1985 to 2005 (neo.sci.gsfc.nasa.gov). Pink arrows depict
surface currents, with overturning indicated in the Norwegian seas.
Dashed white line across North America depicts the approximate
extent of the Laurentide ice sheet (LIS) during the Last Glacial
Maximum (LGM) (45). Dashed white line across the North Atlantic
depicts the extension of winter sea ice during the LGM (46).
Changes in the height and extent of the LIS and sea-ice margins
could have affected the atmospheric pathways connecting the
GOA and Greenland. Blue arrows across North America represent
the schematic differences in the position of the jetstream between
the modern and LGM climate states.

Fig. 2. Comparison of GOA and NGRIP climate varia-
bility. (A) The 25-year linearly interpolated GOA d18O
record (rose line, inverted axis) is plotted with the
NGRIP d18O record (dark blue) (26). Radiocarbon age
controls plotted as blue diamonds. The purple Xs near
the top of the plot indicate times when the subtropical
planktonic species O. universa was present in the faunal
assemblages, whereas the black dots indicate samples
in which they were not present. (B) A 2000-year moving
windowed cross correlation between the records is shown
for the original GOA age model (black line, inverted axis)
and for an alternative age model that is tuned to
Greenland (gray line).The pink shading represents the
time period of synchronization between records (see
Fig. 3 for expanded view), whereas the gray shading
reflects times with either no significant correlation or
a seesaw-like mode between records. The coarse frac-
tion percent [green shading in (B)] is dominated by IRD
from 18.5 to 14.7 ka and virtually disappears near the
onset of the Bølling. The peaks in coarse fraction from
14.5 to 13.5 ka are all dominated by volcanic ash in the
sediments (purple shading).
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high-pass–filtered deconvolutions of the data.
Although we cannot exclude local salinity effects
in the GOA record, alkenone paleotemperature
reconstructions from theNorthPacific andBering
Sea track planktonic foraminiferal d18O, indicat-
ing that a large component of the North Pacific
d18O changes reflect upper-ocean temperature
(16, 27, 28) (fig. S7). Similarly, NGRIP d18O covaries
with marine paleotemperature records from the
subpolar North Atlantic (29) (fig. S7).
The GOA d18O and NGRIP d18O are positively

correlated (temperatures inversely related) from
17.5 to 15.5 ka (equivalent in time to Atlantic
Heinrich Stadial 1, HS1) (Fig. 2). The NGRIP d18O
record documents a warming trend from 18 to
16 ka, followed by a cooling from 16 to 15 ka. The
GOA record shows high d18O values (colder and/or
saltier) from 18 to 16 ka, and the onset of warming
and/or freshening starting around 16 ka. Abun-
dant ice-rafted debris (IRD) in the GOA sediments
during this interval documents a sustained input
of icebergs, which would tend to decrease the
local surface salinity and d18O through the addi-
tion of meltwater. Therefore, the relatively high
d18O during an interval of enhanced IRDdelivery
indicates that North Pacific temperatures re-
mained cold until 16 ka. IRD deposition peaked
in the GOA from 17.5 to 16.5 ka, consistent with
other observations in the North Pacific (14, 18)
and coincident with the timing of Heinrich Event
1 (H1) in the North Atlantic (30).
Initial GOA warming at 16 ka coincides with

the shift from the “Big Dry” to “Big Wet” events
in western North America (31), supporting a role
for enhanced North Pacific heat and moisture
transport to the Great Basin Lakes. This GOA
warming also coincides with a pause of Antarctic
warming from 16 to 15.5 ka (8) and a slowing of
atmospheric CO2 rise from 16 to 14.5 ka (32, 33).
North Pacific diatom species in the Bering Sea
imply sea-ice retreat at ~16 ka (27), coincident
with a pullback of Arctic sea ice (34).
Starting at ~15.5 ka, several hundred years

before abrupt warming into the Bølling Inter-
stade at 14.6 ka, NGRIP and GOA d18O become
synchronized (highly negatively correlated; Fig.
2). The negative correlation persists until ~11 ka,
with a near one-to-one correlation for the intervals
that encompass the abrupt warming transitions
into the Bølling and Holocene interstadials. Disap-
pearance of IRD at the onset of the Bølling
Interstade in the GOA records indicates rapid
retreat of Cordilleran outlet glaciers onto land at
14.8 ka (18). The presence of the subtropical
planktonic foraminiferal species Orbulina universa
in the faunal assemblages of the GOA record during
the Bølling and early Holocene suggests that these
intervals were warmer than today and involved the
incursion of watermasses from the south (35). Such
warm events in the GOA coincide with intervals of
high meridional overturning in the North Atlantic
(6), implying that polewardheat transport increased
in both oceans during these times.
After the abrupt warming into the Bølling

Interstade (14.7 to 14.1 ka), the GOA and NGRIP
d18O records remain synchronized but with a
weaker negative correlation (from –0.5 to –0.8)

during stepwise cooling events within the Allerød
(14.1 to 12.9 ka) and Younger Dryas (YD; 12.9 to
11.7 ka) intervals, reflecting slight offsets in the
timing of these events between records (see sup-
plementary materials). An alternative age model
based on tuning the GOA record to the NGRIP
record (without violating the ash date) results in
only minor changes to the original age model
(Fig. 3) and improves the cross correlation be-
tween the GOA and NGRIP records throughout

this interval (from –0.65 to –0.90; Fig. 2). Varia-
tions in marine reservoir of up to 200 years are
plausible and within the range of modern spatial
variability, but the combination of the ash date
on land and the close correlation between GOA
and Greenland preclude larger surface-ocean
reservoir ages in this interval (Fig. 3).
GOA andNGRIP again become highly synchro-

nized (r = –0.90) just before abrupt warming into
the Holocene. After this warming, the windowed
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Fig. 3. Agemodel tuning. (A and B) Comparison of the raw GOA data (pink, inverted axis) with the 20-
year NGRIP record (dark blue) (26) on the original age model (A) and on an age model that is tuned to
the NGRIP record (B).The blue diamonds in (A) represent radiocarbon age controls with T2s uncertainty,
and the black diamond indicates the MEd tephra layer (see supplementary materials). The age controls
for the tuned record are shown in (B), with the tie points to the NGRIP record shown as black stars for
core EW0408-66JC and a green star for core EW0408-26JC. The blue diamonds are the retained
radiocarbon age controls from the original age model, and the black diamond is the MEd tephra layer.
(C) Changes in marine reservoir age that result from the difference in the original and tuned age models
for core EW0408-66JC (black) and EW0408-26JC (green). These differences are within the combined
uncertainty of the two age models. The gray bars encompass the major climate reversals in the NGRIP
record: YD: Younger Dryas, IACP: Inter-Allerød Cold Period, OD: Older Dryas.
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correlation betweenGOAandNGRIP changes sign
at ~10 ka, suggesting a return to Pacific-Atlantic
seesaw or decoupled behavior in an interglacial
state similar to that of late-glacial time.Within the
Holocene, asynchronous behavior includes cool-
ing of GOA from 10 to 8 ka, followed by gradual
warming; in opposition to this pattern, cooling in
NGRIP is initiated after 8 ka and persists through-
out the Holocene. Ice-volume–corrected, low-pass–
filtered d18O records show a more pronounced
seesaw pattern (high positive correlation) in the

Holocene and HS1 than the raw or high-pass
records (Fig. 4). This suggests that the long-term
(>2000 years) trends are inversely related during
these times, but the short-term variability is either
not sufficiently resolved or decoupled between
basins during the Holocene and HS1.
Variance increases within the GOA and NGRIP

records before the abrupt warming transitions
into the Bølling and Holocene (Fig. 4). High-
frequency variance in the GOA peaks from 15 to
11.5 ka, coincident with the interval of synchro-

nization, whereas in NGRIP high-frequency var-
iance peaks slightly earlier. Both records show
greater short-term variance during abrupt warm-
ing into the Bølling relative to the later warming
into the Holocene, suggesting that earlier warm-
ing, beginning from relatively extreme glacial
conditions, was the more abrupt climatic event
in these two locations.
Thus, we find evidence for intervals of both

synchronous and asynchronous climate variabil-
ity between the GOA and NGRIP regions. Syn-
chronization and an increase in variance preceded
and extended through abrupt warming events,
consistent with theory that highly connected
systems are more susceptible to unstable tipping
points (21) (see supplementary materials). Possi-
ble mechanisms to regulate the modes of con-
nectivity between regions could be related to (i)
ice elevation in North America, (ii) the opening
of Bering Strait, or (iii) routing of fresh water in
the North Atlantic or Southern Ocean. During
the Last Glacial Maximum (LGM), topographic
steering of the jetstream around an expanded
North American ice sheet and sea-ice margin
would have reduced the direct atmospheric
connection between the GOA and Greenland
(36, 37). A gradual fall in ice height following H1
could have caused an abrupt reorganization of
atmospheric circulation that set up a stronger
meridional flow in the North Atlantic (38), there-
by strengthening the interocean atmospheric cou-
pling (Fig. 1). Linkages between the North Pacific
and North Atlantic may also depend on whether
the Bering Strait is open or closed (10, 13, 39),
which could signal a role for the incursion of low-
salinity waters from the Arctic in the reversion
to interocean seesaw during the early Holocene
(40). Alternatively, models suggest that freshwater
forcing near West Antarctica triggers synchronous
warming in the North Pacific and North Atlantic
(41), whereas meltwater inputs near Greenland
create antiphased responses in the North Atlantic
and North Pacific (10, 11).
The last glacial termination demonstrates sev-

eral symptoms of threshold behavior, including
greater spatial organization through synchroni-
zation of the North Pacific and Greenland/North
Atlantic variability (this study), elevated variance
[this study and (23, 24)], and enhanced autocor-
relation of some climatic indicators just before the
abrupt Bølling and Holocene transitions (20, 25).
The newhighly resolved evidencewe present here
for interocean dynamic coupling between the
NGRIP record in the Atlantic sector and GOA re-
cords in the Pacific Sector suggests that synchro-
nization of poleward heat transport in both oceans
is an important catalyst for abrupt warming tran-
sitions within theNorthernHemisphere. Although
a tipping pointmay be crossed in an instant, large-
scale climate systems that include ice sheets or
deepocean circulationmayhave substantial inertia,
such that the full response may play out dynam-
ically over an extendedperiod of time, constituting
a “tipping interval.”
In the modern climate system, models suggest

a tight coupling of short-term (<200 years) ocean-
atmosphere interactions between theNorth Pacific
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Fig. 4. Low-pass– and high-pass–filtered data. (A and B) Evaluation of the cross correlation between
the ice-volume–corrected, low-pass–filtered [2000-year moving average (A)] and high-pass–filtered
records [residuals from 2000-year moving average (B)] of NGRIP (dark blue) (26) and GOA on the tuned
age model (rose, inverted axis). The 2000-year moving window cross correlation between the GOA and
NGRIP records are shown in black for the low-pass– (A) and high-pass–filtered (B) records. Dashed gray
lines in (A) reflect one-to-one positive and negative correlations. (C) Panel shows the variance for the
high-pass and low-pass records. A 200-year windowed variance is shown for NGRIP (dark green) and
GOA (dark blue) for the high-pass records, and a 2000-year windowed variance is shown for NGRIP
(light green) and GOA (light blue). The transitions into the Bølling and Holocene are clearly identifiable in
the peaks in the high-pass variance and the abrupt shifts in the d18O records at 14.7 and 11.7 ka.
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and North Atlantic and indicate the potential for
amplification of decadal-scale variability through
interbasin resonance (42, 43). Before the 1970s,
variability in polewardheat fluxes and storm tracks
in the North Pacific and North Atlantic regions
wereuncorrelated;more recently, highly correlated
behavior has emerged (44). Our study documents
that the development of such teleconnected var-
iability between these regions is a fundamentally
important phenomenon associated with rapid
warming, suggesting that such propertiesmay be
high-priority targets for detailed monitoring in
the future.
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INDUCED EARTHQUAKES

Sharp increase in central Oklahoma
seismicity since 2008 induced by
massive wastewater injection
K. M. Keranen,1* M. Weingarten,2 G. A. Abers,3† B. A. Bekins,4 S. Ge2

Unconventional oil and gas production provides a rapidly growing energy source; however,
high-production states in the United States, such as Oklahoma, face sharply rising
numbers of earthquakes. Subsurface pressure data required to unequivocally link
earthquakes to wastewater injection are rarely accessible. Here we use seismicity and
hydrogeological models to show that fluid migration from high-rate disposal wells in
Oklahoma is potentially responsible for the largest swarm. Earthquake hypocenters occur
within disposal formations and upper basement, between 2- and 5-kilometer depth. The
modeled fluid pressure perturbation propagates throughout the same depth range and
tracks earthquakes to distances of 35 kilometers, with a triggering threshold of ~0.07
megapascals. Although thousands of disposal wells operate aseismically, four of the
highest-rate wells are capable of inducing 20% of 2008 to 2013 central U.S. seismicity.

S
eismicity in the United Statesmidcontinent
surged beginning in 2008 (1), predominantly
within regions of active unconventional
hydrocarbon production (2–6). In Arkan-
sas, Texas, Ohio, and near Prague, Okla-

homa, recent earthquakes have been linked to
wastewater injection (2–7), although alterna-
tive interpretations have been proposed (1, 8).
Conclusively distinguishing human-induced earth-
quakes solely on the basis of seismological data
remains challenging.
Seismic swarms within Oklahoma dominate

the recent seismicity in the central and eastern
United States (9), contributing 45%ofmagnitude
(M) 3 and larger earthquakes between 2008 and
2013 (10). No other state contributed more than
11%.A single swarm, beginning in 2008near Jones,
Oklahoma, accounts for 20% of seismicity in this
region (10). East of Jones, the damaging 2011 mo-
mentmagnitude (Mw) 5.7 earthquake near Prague,
Oklahoma, was likely induced by wastewater in-
jection (2, 8, 11, 12), the highest magnitude to
date. These earthquakes are part of a 40-fold in-
crease in seismicity within Oklahoma during 2008

to 2013 as compared to 1976 to 2007 (Fig. 1, insetA)
(10). Wastewater disposal volumes have also in-
creased rapidly, nearly doubling in centralOklahoma
between 2004 and 2008. Many studies of seismi-
cityneardisposalwells relyupon statistical relation-
ships between the relative timing of seismicity,
disposalwell location, and injectedwater volume
to evaluate a possible causal relationship (3–7, 13).
Here we focused on the Jones swarm and com-

paredmodeledpore pressure fromhydrogeological
models to the best-constrained earthquake hypo-
centers (14). Using data from local U.S. Geological
Survey NetQuake accelerometers, the Earthscope
Transportable Array, and a small local seismic net-
work (fig. S1),we generated a catalog ofwell-located
earthquakes between2010 and2013. Event-station
distances were predominantly less than 10 km
(fig. S2D), and all earthquakes were recorded on
at least one seismometer within 20 km of the ini-
tial hypocenter. To study pore pressure changes at
earthquake hypocenters and the apparent migra-
tion in seismicity,wedevelopeda three-dimensional
hydrogeological model of pore pressure diffusion
from injection wells.
The Jones swarm began within 20 km of high-

rate wastewater disposal wells, among the high-
est rate in Oklahoma, between two regions of
fluid injection (Fig. 2). The four high-rate wells
are southwest of Jones in southeast Oklahoma
City (SE OKC) and dispose of ~4 million barrels
per month (15) (Fig. 3). The target injection depth
is 2.2 to 3.5 km into the Cambrian-Ordovician
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Arbuckle Group (fig. S3), a dolomitized carbonate;
one disposal well ends near Precambrian base-
ment. The large disposal wells are within de-
watering plays (fig. S4). Dewatering production
wells produce substantial wastewater volumes

with initially up to 200 times as much water per
barrel of oil as conventional production wells
(16, 17). The rate of wastewater disposal in cen-
tral Oklahoma has gradually increased since the
mid-1990s (fig. S5), but disposal rates jumped

after 2004 as high-rate injection wells began
operating, including the first of the SE OKC
wells in 2005 (Fig. 3) (15). Seismic moment
release escalated in the Jones swarm in 2009,
concurrent with the initial reported application

SCIENCE sciencemag.org 25 JULY 2014 • VOL 345 ISSUE 6195 449

Fig. 1. Earthquakes in Oklahoma between 1976
and 2014. Earthquakes are M > 1 from the NEIC
catalog (10). Black lines are faults (26–28). Small
and large dashed gray boxes outline the areas used
for analysis of the Jones swarm and of central Okla-
homa, respectively, in inset B. OKC: Oklahoma City.
Inset A: Comparison of M3+ earthquake rate in
Oklahoma and California, normalized by area. Cal-
ifornia is ~2.3 times larger than Oklahoma. 2014
earthquakes are through the first 4months. Inset B:
Expandingarea of the Jones and the broader central
Oklahoma swarms. Regions were divided into 5 km
by 5 km grid cells, and any cell with an earthquake
was considered part of the swarm. Swarm area per
year is inclusive of all prior years.

−100˚ −99˚ −98˚ −97˚ −96˚ −95˚

34˚

35˚

36˚

37˚

W
ilz

et
ta

 fa
ul

t

Nemaha
fault

2007 2009 20112013
0

1

2

3

A
re

a 
of

 s
w

ar
m

(t
ho

us
an

d 
sq

. k
m

)

Jones
Central OK

B

# 
of

  e
ar

th
qu

ak
es

 
pe

r 
10

00
 s

qu
ar

e 
km

 

2002 2006 2010
0

0.4

0.8

1.2

Year

California
Oklahoma

A

2014

Prague

Jones

Earthquakes
1976-2008
2009-2010
2011-2012
2013-2014

OKC

0.50
0.75

1.0

1.25

1.5

Injection wells:
Monthly volume

bbls/month

Fig. 2. Earthquake catalog and swarm migration.
(A) Jones earthquake catalog March 2010 to March
2013 using local stations. Squares are injection wells
operating at an average rate ≥ 400,000 barrels per
month (15, 29); triangles are high–water production
wells. Background color and contours represent
depth to the top of the Hunton Group (15). The
Hunton Group is higher in section than the Arbuckle
Group but has more data on formation depth. (B)
Earthquake depth histogram; earthquakes are domi-
nantly in sediment and upper basement. (C) Distance
of each March to October 2010 Jones earthquake
to the SE OKC disposal wells. The dense region of
the swarm increases in distance between days 150
and 250 in 2010. (D) Map view of Jones earth-
quakes during March to October 2010, colored by
time. Semicircles are equidistant lines from SEOKC
disposal wells. Faults at greater distance from the
wells become active at later times. Details of two of
these fault planes are shown in insets of Fig. 2A
and are discussed in the text.

−97.4 −97.3 −97.2
35.4

35.5

35.6

 

30 km

20 km

100 180 260

Days since
January 1, 2010

0

2

4

6

0 50 100

Arb

Base

# of earthquakes

D
ep

th
 (

km
)

−97.25˚ −97˚ −96.75˚

35.5˚

35.7˚

2.5

1.5

Depth
km

Monthly volume, millions of barrels
0.50 0.75 1.00 1.25 1.50

9/19/10

11/24/10

−97.24 −97.2

35.6

35.62

−97.3 −97.26

35.54

35.56

Inset A

8/2/10

A

N
em

aha fault

W
ilz

et
ta

 fa
ul

tSE OKC
wells

B C D

A

B

100 150 200 250 300

20

30

40

Days since January 1, 2010

D
is

ta
nc

e 
(k

m
)

Inset B

RESEARCH | REPORTS



of positive wellhead pressure at the SE OKC
wells (Fig. 3B).
Earthquakes in our catalog primarily nucleated

either within the Arbuckle Group or within the
upper 2 km of basement, with 22 to 33% above
basement (Fig. 2B and fig. S6). Well-constrained
earthquake hypocenters from March to October
2010 migrated northeast from the initial swarm
centroid near Jones at 0.1 to 0.15 km/day (Fig. 2,
C and D), followed by a broad spread in seis-
micity. Earthquake hypocenters are not diffusely
distributed; instead, relocated aftershock se-
quences of individual earthquakes (18) illuminate
narrow faults parallel to one plane of calculated
focal mechanisms (19) (Fig. 2A, insets). An earth-
quake on 2 August 2010 ruptured a portion of a
7-km-long mapped fault; if the entire fault had
ruptured, earthquake scaling laws suggest a
maximummagnitude of ~M6.0 (20). Earthquakes
later in 2010 ruptured an unmapped east-south-
east– to west-northwest–trending fault, at an
oblique angle to the overall northeast-southwest
migration direction of the swarm. Although the
swarm of seismicity migrates to the northeast
parallel to structural dip, the individual faults,
as evidenced by earthquake lineations, are not
preferentially oriented in this direction.
Our hydrogeological model simulated injec-

tion into the Arbuckle Group using reported
injection rates at 89 wells within 50 km of the
Jones swarm between 1995 and 2012 (14). The
wells include the four high-rate wells in SE OKC

and 85wells to the northeast of Jones. Themodel
predicts a region of high fluid pressure pertur-
bation spreading radially eastward from the SE
OKC wells and a lesser perturbation around the
lower-rate wells to the northeast (Fig. 4). The high
pore pressure increase occurs within the Arbuckle
Group and in the upper 1 to 2 kmof the basement
in our model; nearly all earthquakes occur within
this same depth range (Fig. 2B). The migrating
front of the Jones earthquake swarm corresponds
closely to the expanding modeled pressure per-
turbation away from the SE OKC wells, which
reaches 25 km from the wells by December 2009
and ~35 kmbyDecember 2012. The pore pressure
change modeled at each hypocenter indicates a
critical threshold of ~0.07 MPa, above which earth-
quakes are triggered. This threshold is compatible
with prior observations that static stress changes
of as little as ~0.01 to 0.1 MPa are sufficient to
trigger earthquakes when faults are near failure
in the ambient stress field (21–23).
Our results indicate that for modeled diffusiv-

ities, ~85% of the pore pressure perturbation is
contributed by the four high-rate SE OKC wells.
The 85 wells to the northeast contribute ~15%
additional pore pressure change at the center of
the Jones swarm by the end of 2012 and may
contribute to the triggering of earthquakes par-

ticularly outside the region affected by the SE
OKC wells (fig. S7). The modeled dominance of
the SE OKC wells is attributable to their high
rate; these wells include one of the largest
wells in the state and three closely spaced wells
3.5 km away with a combined monthly volume
of ~3 million barrels per month. The only other
Oklahoma wells of similar size, in northern
Oklahoma (fig. S8), are on the boundary of a
second rapidly growing seismic swarm (Fig. 1).
The summed rate of this well cluster near SE
OKC is higher than previous cases of reported
induced seismicity (Fig. 3A), including several
times higher than the high-rate disposal wells
linked to earthquakes near Dallas–Fort Worth,
Texas, and Cleburne, Texas (5–7). Comprehen-
sive compilations of injection well rates for
other high-injection states, including Texas and
California, are not yet accessible.
We view the expanding Jones earthquake swarm

as a response to regionally increased pore pressure
from fluids primarily injected at the SE OKC wells.
As the pressure perturbation expanded and en-
countered faults at various orientations, critically
stressed, optimally oriented faults are expected to
rupture first (24). Additional faults at near-optimal
orientations may rupture after further pressure
increase (Fig. 4). As fluid pressure continues to
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Fig. 4. Hydrogeologic model of pore pressure perturbation from injec-
tion wells. (A) Modeled pressure perturbation in December 2009 and (B)
in December 2012 with a hydraulic diffusivity of 2 m2/s (14). The model includes the four high-rate SE OKC
wells and 85 wells northeast of the Jones swarm near the West Carney field. The modeled pressure per-
turbation is dominated by fluid injected at the high-rate SE OKC wells. Earthquakes are plotted from 2008 to
2009 (A) and 2008 to 2012 (B) (10). (C) Vertical cross section through model results. Pore pressure rises in
the Arbuckle Group and uppermost basement. (D) Pore pressure increase at the hypocenter of each earth-
quake in our local catalog. A pore pressure increase of ~0.07 MPa is themodeled triggering threshold. Modeled
pore pressure rises throughout much of the swarm area for hydraulic diffusivity between 1 and 4m2/s (fig. S7).
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propagate away from the wells and disturbs a
larger and larger volume, the probability increases
that fluid pressurewill encounter a larger fault and
induce a larger-magnitude earthquake. The ab-
sence of earthquakes in regions above the critical
pressure threshold may result from either a lack
of faults or lack ofwell-oriented, critically stressed
faults. Alternatively, fluid flowmay preferentially
migrate along bedding structure (Fig. 2A).
Though seven earthquakes were recorded in

2006 to 2009 near the base of the SE OKC
wellbores (10), the main swarm began ~15 km to
the northeast (fig. S9), despite the high modeled
pressure perturbationnear thewells. Earthquakes
in 2009 primarily occurred, within location un-
certainty, near injection wells or on the nearest
known faults to the northeast of thewells (fig. S9).
Focal mechanisms near the swarm onset indicate
fault planes at orientations favorable to failure
(19) (Fig. 2, inset B). Faults subparallel to the
north-northwest–south-southeast–trending
Nemaha fault would not be well oriented for
failure in the regional ~N70E stress regime (25)
and would require substantially larger pressure
increase to fail. Recent earthquakes near the fault
may be evidence for continued pressure increase.
This 50-km-long segment of the Nemaha fault is
capable of hosting a M7 earthquake based on
earthquake scaling laws (20), and the fault zone
continues for hundreds of kilometers. The increas-
ing proximity of the earthquake swarm to the
Nemaha fault presents a potential hazard for the
Oklahoma City metropolitan area.
Our earthquake relocations and pore pressure

models indicate that four high-rate disposal wells
are capable of increasing pore pressure above the
reported triggering threshold (21–23) throughout
the Jones swarm and thus are capable of trig-
gering ~20% of 2008 to 2013 central and eastern
U.S. seismicity. Nearly 45% of this region’s seis-
micity, and currently nearly 15M > 3 earthquakes
per week, may be linked to disposal of fluids gen-
erated during Oklahoma dewatering and after
hydraulic fracturing, as recent Oklahoma seismic-
ity dominantly occurs within seismic swarms in
the Arbuckle Group, Hunton Group, and Missis-
sippi Lime dewatering plays. The injection-linked
seismicity near Jones occurs up to 35 km away
from the disposal wells, much further than previ-
ously considered in existing criteria for induced
seismicity (13). Modern, very high-rate injection
wells can therefore affect regional seismicity and
increase seismic hazard. Regular measurements
of reservoir pressure at a range of distances and
azimuths from high-rate disposal wells could ver-
ify our model and potentially provide early in-
dication of seismic vulnerability.
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DINOSAUR EVOLUTION

A Jurassic ornithischian dinosaur from
Siberia with both feathers and scales
Pascal Godefroit,1* Sofia M. Sinitsa,2 Danielle Dhouailly,3 Yuri L. Bolotsky,4

Alexander V. Sizov,5 Maria E. McNamara,6,7 Michael J. Benton,7 Paul Spagna1

Middle Jurassic to Early Cretaceous deposits from northeastern China have yielded varied
theropod dinosaurs bearing feathers. Filamentous integumentary structures have also been
described in ornithischian dinosaurs, but whether these filaments can be regarded as part of
the evolutionary lineage toward feathers remains controversial. Here we describe a new basal
neornithischian dinosaur from the Jurassic of Siberia with small scales around the distal
hindlimb, larger imbricated scales around the tail, monofilaments around the head and the
thorax, and more complex featherlike structures around the humerus, the femur, and the
tibia.The discovery of these branched integumentary structures outside theropods suggests
that featherlike structures coexisted with scales and were potentially widespread among the
entire dinosaur clade; feathers may thus have been present in the earliest dinosaurs.

T
he origin of birds is one of themost-studied
diversification events in the history of life.
Principal debates relate to the origin of key
avian features such as wings, feathers, and
flight (1–9). Numerous finds from China

have revealed that diverse theropods possessed
feathers and various degrees of flight capabil-
ity (4–9). The identification of melanosomes in
non-avian theropods (10, 11) confirms that fully
birdlike feathers originated within Theropoda
at least 50 million years before Archaeopteryx.
But were feathers more widespread among

dinosaurs? Quill-like structures have been re-
ported in the ornithischians Psittacosaurus (12)
and Tianyulong (13), but whether these were true
feathers, or some other epidermal appendage, is

unclear. Bristlelike epidermal appendages occur
in pterosaurs, some early theropods (14), and ex-
tant mammals (“hairs”), and so the Psittacosaurus
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and Tianyulong filaments might have evolved in-
dependently of the feathers of theropods.
Here we report a new ornithischian dinosaur,

Kulindadromeus zabaikalicus, with diverse epi-
dermal appendages, including grouped filaments
that we interpret as avianlike feathers. This sug-
gests that all Dinosauria could have had feathers
and that feathers arose for purposes of insulation
and signaling and were only later co-opted for
flight (10, 11).
The new dinosaur comes from the Kulinda

locality (Cherynyshevsky District of Chita Region,

southeastern Siberia, Russia; fig. S1), from the
base of the Ukureyskaya Formation, dated as
Middle to Late Jurassic (15). The dinosaur bones
are associated with abundant, well-preserved fos-
sils of plants, insect larvae, and freshwater crus-
taceans that suggest deposition in a low-energy,
probably lacustrine, freshwater environment. The
sequence includes tuff deposits and ignimbrites
that indicate local volcanic activity (15).
The description of Kulindadromeus zabai-

kalicus (15) is based on six partial skulls and
several hundred disarticulated skeletons unearthed

from two neighboring monospecific bone beds.
Each individual skeletal element is represented
by a single morphotype, and all of the observed
morphological differences can easily be explained
by ontogenetic and intraspecific variation, as con-
firmed by the detailed study of the partial skel-
etons (15). Therefore, there is no indication that
more than one basal ornithischian is present.
Many of the bones are strongly iron-stained, sug-
gesting partial replacement during diagenesis.
Kulindadromeus zabaikalicus is differenti-

ated from all other dinosaurs by the following
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Fig. 1. Skeletal anatomy of Kulindadromeus
zabaikalicus. (A) Composite skeletal reconstruc-
tion; photograph (B) and line drawing (C) of the
holotype skull (INREC K3/109) in right lateral view;
(D) proximal portion of right scapula (INRECK3/204)
in lateral view; (E) right scapula (INREC K3/134) in
caudolateral view; (F) left ulna (INREC K3/205) in
medial view; (G) right tibia (INRECK3/207) in caudal

view; (H) right femur (INRECK3/206) in cranial view; (I) right ischium (INREC K3/124) in lateral view; (J) distal caudal vertebra (INRECK3/202) in right lateral view;
(K) mirror image of left ilium (INREC K3/113) in lateral view; (L) dorsal vertebra (INREC 3/112) in right lateral view; (M) mirror image of left pubis (INREC K3/114) in
lateral view. Scale bars, 10 mm. Abbreviations: ac, acetabulum; acp, acromial process; an, angular; aof, antorbital fossa; art, articular; cor, coracoid facet; dpc,
deltopectoral crest; drf, distal radial facet; dt, dentary; fh, femoral head; fr, frontal; gl, glenoid; ilpd, iliac peduncle; imal, inner malleolus; ispd, ischial peduncle;
iss, ischial shaft; j, jugal; l, lacrimal; lcd, lateral condyle;mcd,medial condyle;mf,maxillary fenestra;mx,maxilla; na, nasal; obn, obturator notch; obpr, obturator
process; ns, neural spine; ol, olecranon process; omal, outer malleolus; p, parietal; pap, palpebral; pm, premaxilla; po, postorbital; poac, postacetabular
process; poc, paroccipital process; poz, postzygapophysis; pr, prefrontal; prac, preacetabular process; prf, proximal radial facet; prpu, prepubic process; prz,
prezygapophysis; pupd, pubic peduncle; pus, pubic shaft; q, quadrate; qj, quadratojugal; rap, rostral ascending process; rcd, radial condyle; sa, surangular; sac,
supraacetabular crest; sq, squamosal; ucd, ulnar condyle; 4tr, fourth trochanter.
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characters (Fig. 1, and figs. S4 to S7): maxilla
with rostral ascending process much lower than
caudal ascending process and maxillary fenestra
larger than antorbital fenestra; jugalwith notched
postorbital ramus; postorbital with dorsoventral-
ly expanded caudal ramus; dorsoventrally slender
postacetabular process on ilium; and deep exten-
sor fossae on metatarsals II to IV (15).
It was a small, 1.5-m-long bipedal herbivore,

with a short skull, plant-eating teeth, elongate hind-
limbs, short forelimbs, and an elongate tail (Fig. 1).
Phylogenetic analysis (figs. S10 and S11) (15) re-
covers Kulindadromeus as a basal member of
Neornithischia [all genasauriansmore closely related
to Parasaurolophus walkeri than to Ankylosaurus
magniventris or Stegosaurus stenops (16)] and the
sister taxon for Cerapoda [Parasaurolophuswalkeri,
Triceratops horridus, their most recent common
ancestor, and all descendants (16)].
The key features of Kulindadromeus relate

to its integument. Numerous, varied, exception-
ally preserved integumentary features are as-
sociated, often in direct connection, with the
bones and vary in morphology among different
body regions. They comprise three types of
scales and three types of featherlike structures.

Small (<3.5 mm long) imbricated and hexago-
nal scales, resembling the scutella in modern
birds (17), are associated with the distal parts
of the tibiae in Kulindadromeus (Fig. 2A and
fig. S8E). Smaller (<1 mm) rounded and non-
overlapping scales occur around the manus,
tarsus (Fig. 2A and fig. S8E), metatarsus, and
pes (fig. S8F), resembling the reticula along the
plantar face of the pes in modern birds (17).
The tail of Kulindadromeus is covered by at
least five longitudinal rows of slightly arched
scales (Fig. 2, B and C, and fig. S8, A to D). The
largest scales (~20 mm long and 10 mm wide)
occur along the proximal part of the tail. The
caudal scales of Kulindadromeus are thin
(<100 mm), unornamented, and slightly imbri-
cated, each scale covering part of the adjacent
distal one (Fig. 2C and fig. S8, B to D). They are
clearly different from the thicker, sculptured, and
nonoverlapping osteoderms in thyreophoran or-
nithischians (18) and from the proportionally
thicker and smaller scales in iguanodontian
ornithopods (19), more closely resembling epi-
dermal scales. The preservation of the scales as
carbonaceous remains suggests that they are
unlikely to be osteoderms, because the bones

(which also comprise calcium phosphate in vivo)
display a quite different preservational pathway.
Each scale forms a triangular anterior spur that
covers the preceding one, so that adjacent ele-
ments are interconnected by a clip-like system.
Proximally, at the level of the base of the tail
(Fig. 2C), the scales become progressively smaller
and more rounded and do not overlap.
Monofilaments are widely distributed around

the thorax (Fig. 2, G to I), on the back, and
around the head (Fig. 2, D to F). Those above
the head are thin (~0.15 mm in diameter), short
(10 to 15 mm long), and curved, with no preferred
orientation. The thoracic and abdominal fila-
ments are wider (0.2 to 0.3mm) and longer (20 to
30 mm). These monofilaments are shorter and
thinner than the long bristlelike structures on
the proximal part of the tail in Psittacosaurus (12)
and the filamentous structures in Tianyulong (13).
Theymore closely resemble themonofilaments
in the basal coelurosaur Sinosauropteryx (20) and
are similar to morphotype 1 in a recent evolu-
tionary model of feathers (21).
Kulindadromeus also shows compound, non-

shafted integumentary structures along the hu-
merus and femur (Fig. 3, A to F, and fig. S9).
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Fig. 2. Epidermal scales and featherlike structures of Kulindadromeus zabaikalicus. (A) Scales around the distal tibia and the tarsus (INREC K4/57);
(B) double row of scales above the proximal part of the tail (INREC K4/94) in dorsal view; (C) close-up of the left row of caudal scales (INREC K4/117) in
dorsal view; (D) partial skull (INREC K4/22) in right lateral view, with (E and F) detail of areas indicated in (D) and (E) showing filamentous structures; (G)
left part of ribcage (INREC K4/33), with (H and I) detail of areas indicated in (G) and (H) showing filamentous structures.
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These occur as groups of six or seven filaments
that converge proximally and arise from the
central regions of a basal plate. Individual fila-
ments are 10 to 15 mm long. Those on the hu-
merus are wider (0.2 to 0.4 mm) and straighter
than those on the femur (0.1 to 0.2 mm). These
groups of filaments are similar to feathermorpho-
type 3 (21, 22) and resemble the down feathers
of some modern chicken breeds, such as the
Silkie, which are devoid of barbules (17). The
basal plates are also larger on the humerus (3
to 4 mm wide) than on the femur (2 to 3 mm);
they are arranged in a hexagonal pattern, but

they remain distinctly separated from each
other, contrasting with the contiguous distribu-
tion of the scales on the distal forelimb, hind-
limb, and tail in Kulindadromeus and also with
the feathered scales that cover the tarsometatar-
sus of some living birds (17). Whether the basal
plates represent modified scales or calamus-like
structures remains unclear and requires further
investigation.
An additional integumentary morphotype oc-

curs along the proximal part of the tibia in
Kulindadromeus (Fig. 3, G to J): Clusters of six
or seven ribbon-shaped elements appearmore or

less bundled together proximally, close to the
bone surface. Each individual element is 15 to
20 mm long and 1.5 to 3 mm wide, with a dark
median axis along its length (Fig. 3, H to J).
Careful removal of a thin superficial carbona-
ceous sheet reveals the presence of ~10 thin (50
to 100 mm) internal parallel filaments within
each ribbon-shaped element (Fig. 3J). This is
an arrangement that has never previously been
reported and that could represent a third feather-
like morphotype in Kulindadromeus.
The presence of both simple and compound

filamentous structures in Kulindadromeus
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Fig. 3. Featherlike structures in Kulindadro-
meus zabaikalicus. (A) Right humerus and prox-
imal part of right radius and ulna (INREC K4/115),
with detail (B) and interpretative drawing (C) of
compound structures around the right humerus;
(D and E) compound structures around femur
(counterpart of INREC K4/116) with (F) interpre-
tative drawing of (E); (G) ribbonlike structures
around proximal part of tibia (INREC K4/44); the
inset shows the slab at lower magnification. (H)
Detail of area indicated in (G) with interpretive
drawing (I) and further details of ribbonlike struc-
tures (J); the superficial carbonaceous sheet has
been removed during preparation, revealing an
internal structure of thin parallel filaments (red
arrow). Abbreviation: bpl, basal plate.
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Fig. 4. Reconstruction of Kulindadromeus zabai-
kalicus. A basal ornithopod dinosaur, with feathers
and scales, from the Middle to Late Jurassic of
southeastern Siberia. [Drawing by Pascale Golinvaux
(Royal Belgian Institute of Natural Sciences)]
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(Fig. 4) supports the hypothesis that the in-
tegumentary structures in Ornithischia, already
described in Psittacosaurus (12) and Tianyulong
(13), could be homologous to the “protofeathers”
in non-avian theropods. In any case, it indicates
that those protofeather-like structures were
probably widespread in Dinosauria, possibly even
in the earliest members of the clade. Further,
the ability to form simple monofilaments and
more complex compound structures is potentially
nested within the archosauromorph clade, as ex-
emplified by Longisquama (23), pterosaurs (24),
ornithischians, and theropods (including birds).
In Kulindadromeus and most ornithuromorph

birds (17, 25), the distal hindlimb is extensively
covered by scales and devoid of featherlike
structures. This condition might thus be primi-
tive in dinosaurs. Both paleontological and ge-
netic evidence, however, suggests that the pedal
scales of ornithuromorph birds are secondarily
derived from feathers. In avialan evolution, leg
feathers were reduced gradually in a distal-to-
proximal direction, with eventual loss of the dis-
tal feathers and appearance of pedal scales in
ornithuromorphs (25). Further, evo-devo experi-
ments (26, 27) show that feathers in extant
birds are the default fate of the avian epidermis,
and that the formation of avian scales requires
the inhibition of feather development. The local
formation of scales requires the inhibition of
epidermal outgrowth, regulated by the sonic
hedgehog pathway; this inhibition is partially
lost in the case of breeds with feathered feet
(27). Therefore, it is possible that the extensive-
ly scaled distal hindlimbs in Kulindadromeus
might be explained by similar local and partial
inhibition in the development of featherlike
structures. The preservation of featherlike struc-
tures and scales in the basal neornithischian
Kulindadromeus, and their similarity to struc-
tures that are present in diverse theropods and
ornithuromorph birds, thus strongly suggest
that deep homology mechanisms (28) explain
the complex distribution of skin appendages
within dinosaurs (23).
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RNA FUNCTION

Ribosome stalling induced by
mutation of a CNS-specific tRNA
causes neurodegeneration
Ryuta Ishimura,1* Gabor Nagy,1* Ivan Dotu,2 Huihao Zhou,3

Xiang-Lei Yang,3 Paul Schimmel,3 Satoru Senju,4 Yasuharu Nishimura,4

Jeffrey H. Chuang,2 Susan L. Ackerman1†

In higher eukaryotes, transfer RNAs (tRNAs) with the same anticodon are encoded by
multiple nuclear genes, and little is known about how mutations in these genes affect
translation and cellular homeostasis. Similarly, the surveillance systems that respond to
such defects in higher eukaryotes are not clear. Here, we discover that loss of GTPBP2, a
novel binding partner of the ribosome recycling protein Pelota, in mice with a mutation in a
tRNA gene that is specifically expressed in the central nervous system causes ribosome
stalling and widespread neurodegeneration. Our results not only define GTPBP2 as a
ribosome rescue factor but also unmask the disease potential of mutations in nuclear-
encoded tRNA genes.

I
n higher eukaryotes, the nuclear genome
typically contains several hundred transfer
RNA (tRNA) genes, which fall into isoaccep-
tor groups, each representing an anticodon
(1). Relative to the total number of tRNA

genes, the number of isodecoders—i.e., tRNA
molecules with the same anticodon but differ-
ences in the tRNA body—increases dramatically
with organismal complexity, which leads to spec-
ulation that isodecoders might not be fully re-
dundant with one another (2). Overexpression of
reporter constructs with rare codons that are
decoded by correspondingly low-abundance tRNAs
in bacteria and yeast, ormutations in single-copy

mitochondrial tRNA genes, may result in stalled
elongation complexes (3–5). However, the con-
sequences of mutations in multicopy, nuclear-
encoded tRNA isodecoder genes or in the
surveillance systems that eliminate the effect
of such tRNAmutations are not known in higher
eukaryotes.
The nmf205 mutation was identified in an

N-ethyl-N-nitorosurea mutagenesis screen of
C57BL/6J (B6J) mice for neurological pheno-
types (6). B6J-nmf205–/–mice were indistinguish-
able from wild-type mice at 3 weeks of age but
showed clear truncal ataxia at 6 weeks (movie
S1). Mice died at 8 to 9 weeks with severe loco-
motor deficits. Progressive apoptosis of neurons
in the inner granule layer (IGL) in the mutant
cerebellum was initially observed between 3 and
4 weeks of age (Fig. 1, A to H). Apoptosis of
mutant granule cells in the dentate gyrus, CA2
pyramidal neurons, and layer IV cortical neurons
occurred between 5 and 8 weeks of age (Fig. 1, I
and J, and fig. S1, A toH). Further, many neurons
in the retina—including photoreceptors and ama-
crine, horizontal, and ganglion cells—degenerated
during this time (Fig. 1, K and L, and fig. S1, I to T).
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Histological analysis of other organs did not reveal
obvious pathology nor was neurodegeneration
observed inmice heterozygous for this mutation.
We identified the nmf205mutation as a point

mutation in the consensus splice donor site of
intron 6 of Gtpbp2 that results in misspliced
mRNAs with premature stop codons (fig. S2).
Accordingly, Western blot analysis of mutant
cerebellar extracts failed todetectGTPBP2 (Fig. 2A).
Complementation tests using nmf205 mice and
micewith a targeted deletion ofGtpbp2 confirmed
that loss of Gtpbp2 results in neurodegenera-
tion (fig. S3).
GTPBP2 shares domain homology with a trans-

lational guanosine triphosphatase family that is
characterized by the no-go and nonstop decay
pathways ribosome-recycling protein Hbs1 and
the eukaryotic release factor eRF3, which bind
Dom34 and eRF1, respectively (fig. S4A) (7–9).
Although no interaction was observed between
GTPBP2 and eRF1 in coimmunoprecipitation
assays, Pelota (themammalianDom34 homolog)
was immunoprecipitated by GTPBP2 (Fig. 2B).
The glutathione S-transferase–GTPBP2 fusion
protein (GST-GTPBP2) also pulled down Pelota
from brain extracts, which demonstrated that
GTPBP2 can interact with endogenous Pelota
(Fig. 2C). Affinity capture of bacterially expressed
GTPBP2 by Pelota demonstrated that these pro-
teins directly interact (Fig. 2D).
Analysis of mice from our mapping cross and

B6J.BALBChr1 congenicmice revealed that homo-
or heterozygosity for a BALB/cJ-derived locus
(Mod205) on distal chromosome 1 suppressed
neurodegeneration in nmf205–/– and Gtpbp2–/–

mice (fig. S5).Mutantmice carrying this BALB locus
routinely survived to 18 months or longer. Further
analysis of multiple other inbred strains including
C57BL/6NJ (B6N) suggested that neurodegenera-
tion in B6J-nmf205–/– mice is likely due to an
epistatic mutation in the B6J strain (table S1).
One single-nucleotide polymorphism (SNP) in

theMod205 region, rs46447118, was determined
to be a T in the B6J genome but a C in all other
tested strains (fig. S6A). This SNP resides at
nucleotide 50 in the stem of the T loop of n-Tr20,
one of five isodecoders of the nuclear-encoded
tRNAArg

UCU family (fig. S6, B andC). Orthologs of
n-Tr20 are widely found in both vertebrates and
invertebrates (fig. S6D). We assayed n-Tr20
aminoacylation and found that the majority of
this tRNAwas charged in the B6Nbrain, but very
low levels were observed in B6J (Fig. 3A). Muta-
tions in the T stem of tRNAs have been shown to
affect pre-tRNA processing and function (10, 11).
In agreement, a 105-nucleotide (nt) band was
detected in the B6J brain, which was confirmed
to be the pre-tRNA retaining the leader and trailer
sequences (Fig. 3B and fig. S7A). In wild-type brains,
the pre-tRNA is 115 nt, which suggests the C-to-T
mutationchanges the lengthof theprimary transcript.
Examination of n-Tr20 processing in reciprocal
congenic strains confirmed that this mutation under-
lies the observed maturation defect (fig. S7B).
To confirm that loss of mature n-Tr20 under-

lies neurodegeneration in B6J-nmf205–/– mice
(which are mutant for both Gtpbp2 and n-Tr20),
B6J mice transgenically expressing wild-type
n-Tr20 and harboring the nmf205 mutation
(Tg; nmf205–/–) were examined (fig. S8, A and B).

At 6 months of age, neuron death was greatly
attenuated in the brain and retina (Fig. 3C).
AlthoughGtpbp2 is widely expressed (fig. S4B)

(12, 13), pathology in mice lacking this gene is
restricted to the CNS. In contrast to other mem-
bers of the tRNAArg

UCU family, expression ofn-Tr20
and its human ortholog were surprisingly con-
fined to the CNS (Fig. 3D and fig. S8, C andD). In
addition, overall expression of the tRNAArg

UCU

isodecoder family was higher in the CNS than in
other tissues (Fig. 3D). Compared with levels of
processed n-Tr20 in age-matched B6N brains,
which show steady postnatal expression, levels in
the B6J brain fell from 50% of B6N levels at
postnatal day 0 (P0) to 19% by P30 (Fig. 3E), and
a concomitant increase in immature n-Tr20 was
also observed. Although B6J brains have a slight
increase in expression of the other members of
the tRNAArg

UCU family, a dramatic reduction in
the B6J total tRNAArg

UCU pool was observed,
which demonstrated that n-Tr20 normally makes
up ~60% of the expression of this isodecoder
family (Fig. 3F and fig. S9). Spatial differences in
processing of mutant n-Tr20 were also observed
within the B6J brain with significantly lower lev-
els of processed and higher levels of unprocessed
n-Tr20 in the cerebellum compared with the cor-
tex and hippocampus (Fig. 3G). Together, these
data define a CNS-specific tRNA in which levels
of mature transcript correlate with the onset and
severity of cell death in Gtpbp2-deficient mice.
We hypothesized that the n-Tr20 mutation

causes ribosome stalling at AGA codons that is
exacerbated in the absence of Gtpbp2. To test
this, we generated ribosome-profiling libraries
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Fig. 1. Progressive neurodegeneration in the nmf205–/– mice. (A to F)
Hematoxylin and eosin (H and E)–stained sagittal sections of nmf205–/– and
wild-type (WT; +/+) cerebella. (E and F) Higher-magnification images of cere-
bellar lobule IX from (C) and (D). (G and H) Cerebellar sections were immuno-
stained with antibodies to cleaved caspase-3 (c-Casp3; green) and counterstained
with Hoechst 33342. (I to L) H and E–stained sagittal sections of the dentate
gyrus (I and J) and retina (K and L). Scale bars, 1 mm (D), 50 mm (F) and (J),
and 100 mm (H) and (L). ONL, outer nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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from cerebella of 3-week-old B6J (n-Tr20mutant),
B6J.B6Nn–Tr20 (n-Tr20 wild-type), B6J-nmf205–/–

(Gtpbp2–/–; n-Tr20 mutant), and B6J.B6Nn–Tr20;

nmf205–/– (Gtpbp2–/–; n-Tr20 wild-type) mice
(14–16). We calculated the pause strength for each
codon in the ribosome A site for every gene (figs.

S10 to S14). Consistent with prior studies, we ob-
served thousands of strong pauses (P of ≥10 stan-
dard deviations above background), including a

SCIENCE sciencemag.org 25 JULY 2014 • VOL 345 ISSUE 6195 457

Fig. 2. The nmf205 mutation disrupts the Pelota-
interacting protein,GTPBP2. (A) Western blot analysis
of GTPBP2 in wild-type (WT, +/+) and nmf205–/– (–/–)
cerebellar extracts using antibodies to the N-terminal of
GTPBP2. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a loading control. (B) Coimmuno-
precipitation (IP) from human embryonic kidney–293T
cells cotransfectedwith FLAG-fusion proteins as indicated,
andPelota fused to hemagglutinin (Pelota-HA). Input levels
were determined by immunoblotting (IB). (C) GSTpull-
down (PD) assay of brain lysate (BL).The pull-down eluate
and GST-fused baits were immunoblotted as indicated.
(D) Bacterially expressedmyelin basic protein (MBP) fused
withGTPBP2 and labeledwith histidine (MGP-GTPBP2-His)
or MBP-His were purified and were incubated with GSTor
GST-Pelota.GSTpull-downproducts (top) and input (middle
and bottom) were immunoblotted with anti-His antibody
(twoandmiddle) or visualized byCoomassie blue (bottom).

Fig. 3. Mutation of the CNS-specific tRNAArg gene n-Tr20 underlies
nmf205-mediated neurodegeneration. (A) Acylated (pH 5) and deacy-
lated (pH 9) n-Tr20 detected by Northern blot analysis of acid gels from
polyacrylamide gel electrophoresis. (B) Northern blot analysis of n-Tr20 in
brain RNA from P30mice. (C) H and E–stained sagittal sections of cerebella
from 2-month-old B6J-nmf205–/– (nmf205–/–), 6-month-old Tg(n-Tr20B6N)
609; B6J-nmf205–/–, and 6-month-old wild-type (WT; B6J) mice. Higher
magnification images of lobule IX from top panels are shown at the bottom .
Scale bars in (C): 1 mm (top) and 50 mm (bottom). (D) Northern blot anal-
ysis of n-Tr20, its isodecoders, and all tRNAArg

UCU genes. Ribosomal RNA

(5S rRNA) was used as loading control. (E) Northern blot analysis of n-Tr20
in P0, P10, and P30 B6N and B6J brain RNA. Mature and immature n-Tr20
transcripts were quantified relative to the P0 B6N brain. (F) Northern blot
analysis of n-Tr20 in the P30 B6N and B6J cortex (Cx), cerebellum (Cer), and
hippocampus (Hip). Mature and immature n-Tr20 was quantified relative to
the B6N cortex. (G) Northern blot analysis of B6N and B6J P30 brain RNA
using pooled probes to n-Tr20/21/22/23/25 tRNAs. Bands were quantified
relative to the P0 B6N brain. Error bars indicate SEMs. All data are represent-
ative of independent experiments with three or more mice. *P < 0.05, **P <
0.005 and ***P < 0.0005 (two-tailed Student's t test).
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well-studied pause in Xbp1, in each genotype
(Fig. 4, A and B; fig. S15A; tables S2, A to H; and
table S3) (16, 17). However, no significant differ-
ences in pause number occurred between genotypes.
We then determined the number of pauses at

AGA codons (Fig. 4C and fig. S15B). In the B6J.
B6Nn–Tr20 andB6J.B6Nn–Tr20;nmf205–/– cerebellum,
few strong AGA pauses were observed (Fig. 4D and
tables S2, I to P). Demonstrating the effect of
impaired n-Tr20 processing, a threefold increase
in strong AGA pauses was observed in the B6J

cerebellum.However, the number of AGApauses
increased dramatically in the B6J-nmf205–/– cer-
ebellum (Fig. 4, D and E, and fig. S16). Although
only a limited number of AGA codons exhibited
strong pausing (P ≥ 10), strong pause sites and
scores overall showed significant concordance in
biological replicates (18) (fig. S14 and table S4).
Gene ontology analysis of transcripts with strong
pauses in the B6J-nmf205–/– cerebellum showed
enrichment for translation-related genes, among
others (table S2Q).

Reads at AGA codons in B6J and B6J-nmf205–/–

cerebella were 1.6 and 2.8 times background
expectations, respectively, whereas unusual AGA
pausing was not observed in cerebellar libraries
from B6J.B6Nn–Tr20 and B6J.B6Nn–Tr20; nmf205–/–

mice (Fig. 4F). To determine whether the increase
in ribosome pausing in the B6J and B6J-nmf205–/–

mice is specific to AGA codons, we compared co-
don frequency at (P ≥ 10) pause sites to the over-
all codon usage in transcripts. Although minor
deviationswere observed for several other codons,
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Fig. 4. The n-Tr20 mutation induces ribosome stalling, which is resolved
by GTPBP2. (A) Cumulative distribution of pauses at all codons averaged
between replicates. (B) The mean number of pauses ≥10 standard deviations
above the background translation levels of their genes (P ≥ 10). (C) Cumulative
distribution of pause scores at AGA codons averaged between replicates.
(D) The mean number of pauses (P ≥ 10) at AGA codons. (E) Read profile for
Zfp238 coding sequence. Asterisk (*) indicates an AGA pause with P = 45.

(See fig. S16.) Arrows indicate AGA codons. (F) Average pausing magnitude
at AGA codons, calculated by dividing genome-wide observed reads at AGA
codons by expected reads. Expectations are based on read densities in genes
containing an AGA. Error bars indicate standard deviations across biological
replicates. *P < 0.05 (two-tailed Student's t test). (G) Difference in the codon
frequency observed in the A site at pauses (P ≥ 10) versus the genome-wide
codon frequency.
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the strain-specific AGA effect was much larger
than any other effect, which demonstrated that
the increase in ribosome pausing during trans-
lation in the B6J and B6J-nmf205–/– cerebellum
occurs specifically at AGA codons (Fig. 4G).
Our data demonstrate that loss of function of a

nuclear encoded tRNA induces ribosome stalling
that is normally resolved by GTPBP2 (fig. S17).
Note that Hbs1l, another ubiquitously expressed
Pelota-binding partner, does not rescue neuro-
degeneration in the absence of GTPBP2, which
is consistent with nonoverlapping functions of
these proteins (fig. S4B) (19). In addition, the
tissue-specific expression of n-Tr20 suggests
that the regulation of individual isodecoder tRNAs
may enable translational regulation in mammals.
Further, our finding of a pathogenic mutation in
one isodecoder of a five-member gene family un-
derlines the possible deleterious consequences of
epistatic mutations in individual members of cyto-
plasmic tRNA genes that could affect the readout
of other mutations, including synonymous SNPs.
Finally, these data also emphasize the potential for
regulation and disease of mutations in individual
members of multicopy gene families.
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CLATHRIN ADAPTORS

AP2 controls clathrin polymerization
with a membrane-activated switch
Bernard T. Kelly,1* Stephen C. Graham,2 Nicole Liska,1 Philip N. Dannhauser,3

Stefan Höning,4 Ernst J. Ungewickell,3 David J. Owen1*

Clathrin-mediated endocytosis (CME) is vital for the internalization of most cell-surface
proteins. In CME, plasma membrane–binding clathrin adaptors recruit and polymerize clathrin
to form clathrin-coated pits into which cargo is sorted. Assembly polypeptide 2 (AP2) is the
most abundant adaptor and is pivotal to CME. Here, we determined a structure of AP2 that
includes the clathrin-binding b2 hinge and developed an AP2-dependent budding assay. Our
findings suggest that an autoinhibitory mechanism prevents clathrin recruitment by cytosolic
AP2. A large-scale conformational change driven by the plasma membrane phosphoinositide
phosphatidylinositol 4,5-bisphosphate and cargo relieves this autoinhibition, triggering clathrin
recruitment and hence clathrin-coated bud formation.This molecular switching mechanism can
couple AP2’s membrane recruitment to its key functions of cargo and clathrin binding.

C
lathrin adaptors provide an essential phy-
sical bridge connecting clathrin, which
itself lacks membrane binding activity (1),
to the membrane and to embedded trans-
membrane protein cargo. A central player

in clathrin-mediated endocytosis (CME) is the
AP2 (assembly polypeptide 2) complex (Fig. 1A
and fig. S1), which both coordinates clathrin-
coated pit (CCP) formation and binds the many
cargo proteins that contain acidic dileucine and
Yxxf endocytic motifs (Y denotes Tyr; x, any
amino acid; and f, a bulky hydrophobic residue)
through its membrane-proximal core (2, 3). Cargo
binding is activated by a large-scale conforma-
tional change from the “locked” or inactive cy-
tosolic form to an “open” or active form driven by
localization to membranes containing the plasma
membrane phosphoinositide phosphatidylinositol
4,5-bisphosphate [PtdIns(4,5)P2] (4, 5). The C-
terminal “appendages” of the a and b2 subunits
bindother clathrinadaptorsaswell asCCV(clathrin-
coated vesicle) assembly and disassembly acces-
sory factors (3, 6–8). The flexible hinge separating
the b2 appendage from the b2 trunk binds the N-
terminal b-propeller of the clathrin heavy chain
by using a canonical clathrin box motif [LLNLD;
L, Leu; N, Asn; D, Asp (Fig. 1, A and B) (9)]. The
b2 appendage domain also binds clathrin, albeit
weakly, but both interactions are necessary for
robust clathrin binding (10).
A version of AP2 comprising full-length b2, m2,

and s2 subunits and the a trunk domain (FLb.
AP2) (Fig. 1B) (11) was expressed in Escherichia
coli, avoiding contamination with other CCV com-
ponents inherent to purification from brain tis-

sue (12, 13). Despite most FLb.AP2 possessing an
intact b2 subunit (Fig. 1, C to E), it bound clathrin
very poorly in pulldowns when immobilized ei-
ther on glutathione sepharose beads (Fig. 1C) or
via its N-terminal His6 tag [similarly positioned
to the b2 PtdIns(4,5)P2 binding site (Fig. 1B) (4, 5)]
to liposomes containing the nickel-attached nitri-
lotriacetic acid–dioleoylgycerosuccinyl (NiNTA-
DGS) (Fig. 1E): In both cases, the FLb.AP2 will
be in its locked cytosolic conformation (4). FLb.
AP2 also failed to stimulate clathrin cage assem-
bly efficiently at physiological pH (Fig. 1D). In
contrast, the isolated b2 hinge-appendage [glu-
tathione S-transferase (GST)-b2-h+app (fig. S1)]
bound clathrin efficiently (Fig. 1C) and stimu-
lated cage assembly (Fig. 1D). We next compared
clathrin recruitment to synthetic liposomes com-
posed of dioleoylphosphatidylcholine and dio-
leoylphosphatidylethanolamine supplemented
either with NiNTA-DGS or with a mixture of
PtdIns(4,5)P2 and a lipid-linked YxxF endocytic
motif (5, 11, 14). b2-h+app fused to His6-tagged
epsinN-terminal homology (ENTH) domain (His6-
ENTH-b2-h+app), which can bind NiNTA-DGS or
PtdIns(4,5)P2, recruited clathrin efficiently to
both types of liposomes. In contrast, FLb.AP2 re-
cruited clathrin only when bound to PtdIns(4,5)P2-
and YxxF-containing liposomes (Fig. 1E). Thus,
no additional proteins are required to prevent
clathrin binding to AP2 in solution, consistent
with immunoprecipitation data (15). We con-
clude that the clathrin-binding activity of AP2 is
autoinhibited in the cytosol to restrict inappro-
priate clathrin recruitment and that only upon
encountering its physiological membrane lig-
ands [PtdIns(4,5)P2 and cargo] can AP2 recruit
clathrin efficiently. Previous reports that AP2
purified from brain could bind and polymerize
clathrin (12) were likely due to other contaminating
clathrin adaptors, such as AP180 (13).
We were unable to crystallize FLb.AP2, so we

determined the structure of a form of AP2
(bhingeHis6.AP2) whose b2 (residues 1 to 650)
includes the clathrin box–containing hinge but
not the b2 appendage. The structure closely
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Fig. 1. AP2 can bind clathrin only when it is attached to a PtdIns(4,5)P2-
and cargo-containing membrane. (A) AP2 schematic, color-coded by sub-
unit: a, blue; b2, green; N-m2, dark magenta; C-m2, pale magenta; s, cyan. The
unstructured a and b2 hinge and appendage subdomains, together with the
core of the complex, are indicated. Parts shown in gray are not present in FLb.
AP2. Schematics of constructs are shown in fig. S1. (B) FLb.AP2 showing the
positions of the clathrin box and purification tags. (C) Coomassie-stained SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) of glutathione-sepharose pull-

downs using GST-FLb.AP2 or GST-b2-h+app. Supernatant (s) and pellet (p). The
band marked with an asterisk results from proteolysis of b2. MW, molecular
weight. (D) Coomassie-stained SDS-PAGE of clathrin cage assembly assays
using 2.5 mM clathrin and 1.5 mM adaptors (as indicated), overnight at 21°C,
centrifuged to separate clathrin cages (p) from supernatants (s). (E) Coomassie-
stained SDS-PAGE of liposome pulldown assays. Liposomes were sequentially
incubated with adaptors and clathrin, then centrifuged to separate unbound
material (s) from the liposome pellet (p).

Fig. 2. The AP2 b2 subunit LLNLD
clathrin binding motif is buried in
the center of the core. Overall (A)
and closeup (B) views of the struc-
ture of bhingeHis6.AP2. The residues
of the hinge resolved in the structure
are shown in green as a stick repre-
sentation. The AP2 core is depicted in
a surface representation, colored as
in Fig. 1. The residues of the buried
hinge are indicated in (B), with elec-
tron density shown as mesh (2mFo – DFc
map, contoured at 0.34 e Å−3). Q, Gln.
Also shown are the positions of the
selenium (Se) sites found in the bowl
for each of the methionine (M) mutants
indicated, showing good agreement
with the positions of the corresponding
wild-type residues that were mutated.
Individual log-likelihood gradient maps
are shown in fig. S3. (C) Ligplot+ (25)
diagram showing interactions between
buried hinge residues (in pale green)
with residues of a (blue), m2 (magenta),
and b2 (dark green). Red fans indicate
hydrophobic interactions; dashed green
lines indicate hydrogen bonds.The resi-
dues of the clathrin-binding motif are
boxed. See also fig. S4. A, Ala; C, Cys; E,
Glu; G, Gly; H, His; I, Ile; K, Lys; P, Pro; S,
Ser; andV,Val. (D)Clathrin cageassembly
assays. (D) is identical to Fig. 1D (2.5 mM
clathrin, 1.5 mMadaptors)with the addition
of the FLb.AP2.DCm2 lane. (E) Assays
performed as in (D) but at 28°C and with
2mMclathrinand4mMadaptorsasshown.
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resembles that of the locked conformation of the
AP2 core, but additional protein difference elec-
tron density was visible in the center of the AP2
core (fig. S2). Crystallographic analysis of AP2s
truncated at Leu636 andGln619 of b2 suggested that
this electron density corresponded to the region of
b2 between these points (11). A series of mutant
AP2s with single methionine substitutions through-
out the hinge region was created, the mutants
crystallized as selenomethionyl derivatives, and
their structures solved (fig. S3). This allowed us
to assign unambiguously this density to residues
618 to 634 of b2 (including the clathrin box at res-
idues 631 to 635) and refine the structure (Fig. 2,
A and B; fig. S2; and movies S1 and S2). There
are two regions of contact: a b sheet interaction
between b2 residues 618 to 624 and a trunk re-
sidues 490 to 493 and the packing of the clathrin
box itself and the short helix immediately pre-
ceding it with residues of C-m2 and the b2 trunk
(Fig. 2C and fig. S4). In this position, the LLNLD
clathrin box is inaccessible, explaining FLb.AP2’s
lack of clathrin binding (Fig. 1), because deletion
of only the LLNLD clathrin motif in GST-b2-h+app
abolishes clathrin recruitment (fig. S5). The b2
618 to 636 region is well conserved across a wide

range of species (fig. S6) and between b2 and
b1 (the equivalent subunit of theAP1 adaptor). This
suggests that, in AP1, clathrin binding will be
similarly regulated by membrane attachment,
albeit stimulated mainly by binding to guano-
sine 5′-triphosphate (GTP)–bound Arf1 (16, 17).
Interfering with the interactions that trap the
clathrin box in the AP2 core should release the
hinge, allowing increased clathrin recruitment.
Indeed, deletion of C-m2 (termed FLb.AP2.DCm2),
disrupting key interactions with b2 625 to 635
(that includes the clathrin motif; fig. S4), had a
profound effect, resulting in efficient clathrin
binding and cage assembly in solution (Fig. 2D
and fig. S7). Deletion of the hinge residues 617 to
624, removing the largely backbone-mediated in-
teraction with 490 to 493 of the a subunit (fig.
S4), resulted in a modest but significant increase
in AP2-mediated clathrin polymerization in so-
lution at physiological pH [25% T 3.1% clathrin
polymerized (mean T SEM, three experiments)
versus 9.9% T 3.8%; difference tested by Student’s
t test, P = 0.037 (Fig. 2E)].
The structure suggests a mechanism by which

clathrin binding is triggered by AP2’s membrane
recruitment in the cell. Aligning the open and

locked conformations on residues 480 to 510 of
the a subunit [a translation-libration-screw group
used in refinement (5) that juxtaposes the buried
hinge fragment] revealed that the membrane and
cargo-bound open conformation is incompatible
with the autoinhibitory sequestration of the hinge
(Fig. 3 and figs. S4 and S8): The b2 trunk now
blocks the point of entry of the hinge into the
bowl, and the relocation of C-m2 removes one face
of the pocket in which the helical b2 hinge seg-
ment rests (Fig. 2C and fig. S4). Thus, transition
of AP2 from the locked to the open conforma-
tion, triggered by association with the plasma
membrane, stimulates clathrin binding by releas-
ing the clathrin box–containing b2 hinge from the
center of the core (5).
To address whether cargo binding is abso-

lutely required to stimulate clathrin recruitment,
we prepared synthetic liposomes supplemented
either with PtdIns(4,5)P2 alone or with a mixture
of PtdIns(4,5)P2 and a lipid-linked Yxxf motif and
mixed these with FLb.AP2 and clathrin, both at
plausible cellular concentrations of 0.4 mM (18)
(Fig. 4A). As expected, FLb.AP2 bound more
tightly to the cargo-containing liposomes (Fig.
4A) (5, 14). However, the ratio of clathrin to AP2
present in the cargo-containing liposome pellets
was significantly greater (26.5% T 5.3%) than in the
PtdIns(4,5)P2-only liposomes (5.2% T 1.9%;means T
SEM, four experiments; difference tested by
Student’s t test, P = 0.0094). This finding suggests
that PtdIns(4,5)P2- and cargo-bound FLb.AP2 is
able to recruit clathrin more efficiently than FLb.
AP2 bound only via PtdIns(4,5)P2, consistent with
PtdIns(4,5)P2 driving the conformational change
inAP2 that is then stabilizedby cargobinding (5, 19).
Last, we sought to determine whether AP2

alone is sufficient to initiate and drive clathrin-
coated bud formation on appropriate membranes.
When FLb.AP2-loaded PtdIns(4,5)P2- and lipid-
linked Yxxf cargo-supplemented liposomes were
incubated with clathrin and the results examined
by negative stain electron microscopy (EM) (Fig.
4B), we observed numerous clathrin-coated buds,
of ~80-nm diameter. Ultrathin sectioning revealed
that the buds encapsulated invaginatedmembrane
or vesicles of 30- to 40-nm diameter, similar to
CCVs isolated from brain (Fig. 4, D and E). Fewer
buds were found on PtdIns(4,5)P2 liposomes
incubated with FLb.AP2 and clathrin (Fig. 4, C
and F). We were unable to find buds on NiNTA
liposomes similarly treated with FLb.AP2 (Fig. 4,
C and F), but some clathrin-coated buds were
found onNiNTA liposomes incubated with clathrin
and C-m2–deleted FLb.AP2 (FLb.AP2.DCm2), whereas
His12-tagged GST-b2-h+app produced ample buds
onNiNTA liposomes (Fig. 4, C and F). Thus, once
activated by binding to its physiological ligands,
AP2 is sufficient to drive clathrin-coated bud for-
mation (at least in vitro); no other clathrin adap-
tors, including those currently described as driving
membrane curvature, are required.
AP2 is the most abundant endocytic clathrin

adaptor (20) and the first to be recruited to sites
of CCP formation (2, 8). AP2 knockdown results
in a ~12-fold reduction in CCP formation in
HeLaM cells (21). Together with our findings that
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Fig. 3. The open, activated form of AP2 is not compatible with the b2 hinge binding back into the
core. Release of the clathrin-binding motif stimulated by conformational change. (Top) Locked AP2
core, in solution or transiently bound to the plasma membrane via PtdIns(4,5)P2 (left), and open AP2
stably attached to the membrane via multiple PtdIns(4,5)P2s and cargo. (Bottom) Views of the hinge
binding site in each conformational state; in the open state (right), the hinge residues from the locked
state bhingeHis6.AP2 structure are superposed onto the open structure and shown in gray.
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PtdIns(4,5)P2-activated and cargo-stabilized AP2
is sufficient to drive bud formation on liposomes,
these data suggest that in vivo the dominant
mechanism for endocytic CCP initiation will be
the recruitment of AP2 to PtdIns(4,5)P2-enriched
sites in its locked form with its clathrin binding
autoinhibited, followed by transition to the open
form if sufficient PtdIns(4,5)P2 is present (5, 19).
AP2’s conformational change will expel the b2

hinge, allowing clathrin triskelia to bind. The
presence of cargo will stabilize AP2’s open form
and increase its dwell time on the membrane
(5, 14, 19, 22), thus increasing the chances of it
binding clathrin and forming a sufficiently stable
nucleating structure. Once a small nucleus of AP2
and clathrin has formed, further AP2, clathrin, and
other clathrin adaptors that bind the a appendage
can then be recruited in random order to produce

a CCP, which can ultimately be severed from the
membrane (3, 23, 24).
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ACTIN CYTOSKELETON

Mechanism of actin filament pointed-end
capping by tropomodulin
Jampani Nageswara Rao, Yadaiah Madasu, Roberto Dominguez*

Proteins that cap the ends of the actin filament are essential regulators of cytoskeleton
dynamics. Whereas several proteins cap the rapidly growing barbed end, tropomodulin
(Tmod) is the only protein known to cap the slowly growing pointed end. The lack of
structural information severely limits our understanding of Tmod’s capping mechanism.
We describe crystal structures of actin complexes with the unstructured amino-terminal
and the leucine-rich repeat carboxy-terminal domains of Tmod. The structures and
biochemical analysis of structure-inspired mutants showed that one Tmod molecule
interacts with three actin subunits at the pointed end, while also contacting two
tropomyosin molecules on each side of the filament. We found that Tmod achieves
high-affinity binding through several discrete low-affinity interactions, which suggests
a mechanism for controlled subunit exchange at the pointed end.

T
he proteins that cap the ends of the actin
filament play important roles in actin-driven
processes such as cell migration and or-
ganelle trafficking by controlling the ad-
dition and dissociation of actin subunits

at filament ends. Several proteins cap the barbed
end of the filament, including capping protein
(CP) and some gelsolin-family members (1, 2).
In contrast, tropomodulin (Tmod) is the only
protein known to cap the pointed end of tropo-
myosin (TM)–coated actin filaments (3). Four
Tmod isoforms work in conjunction with one
of several TM isoforms to stabilize actin struc-
tures characterized by a uniform distribution
of the lengths of actin filaments. These struc-
tures include the sarcomere of cardiac and skel-
etal muscle cells and the spectrin-based membrane
skeleton (3, 4).
The mechanism by which Tmod caps the

pointed end is poorly understood. Quantification
in skeletal muscle and erythrocytes led to the pro-
posal that two Tmod molecules cap the pointed
end (5, 6). In vitro, however, one Tmod molecule

is sufficient to block pointed-end elongation of
TM-coated filaments (7), consistent with the dis-
tinctive domain architecture of Tmod, which har-
bors two actin- and two TM-binding sites. Thus,
the N-terminal ~160–amino acid region is mostly
unstructured in isolation (8), but contains three
predicted helical segments that bind TM, actin,
and TM in that order (9, 10). This region displays
TM-dependent capping activity (9). Most of the
C-terminal region (human Tmod1 residues 161
to 359) consists of a leucine-rich repeat (LRR)
domain (11). This region displays limited cap-
ping activity on its own (9). Although Tmod binds
with nanomolar affinity to the pointed end (12),
and even greater affinity in the presence of TM
(7), it does not form an absolute cap. Instead,
Tmod functions as a “leaky” cap, determining
the length of the actin filaments while allow-
ing for the controlled addition or dissociation
of actin subunits at the pointed end (13). In the
absence of high-resolution structures of the
pointed end, rationalization of the existing data
is difficult, and several models exist, featuring
either one (10, 11) or two (5, 6) Tmod molecules
at the pointed end.
Actin polymerization prevents crystallization

of capping complexes. We thus attempted crystal-

lization of the N- and C-terminal actin-binding
sites (ABS1 and ABS2) of Tmod in complex with
monomeric actin. However, both sites bound
with weak affinity to monomeric actin (see be-
low), and polymerization persisted during crys-
tallization. A solution was found by fusing ABS1
and ABS2 C-terminally to gelsolin segment 1 (GS1)
via a nine–amino acid flexible linker [crystalliza-
tion strategies are described in (14)]. The Tmod
fragments extended beyond the actin-binding
sites defined previously (9, 15–17), with ABS1 and
ABS2 comprising human Tmod1 residues 50 to
101 and 160 to 349, respectively (Fig. 1A). No-
tably, ABS1 and ABS2 both bound actin:GS1 with
1:1 stoichiometry and with similar affinities [dis-
sociation constant (KD) = 7.5 and 10.5 mM for
ABS1 and ABS2, respectively] when not connected
by a linker (Fig. 1, B and C). Similar binding
affinities were obtained at two different tem-
peratures, 10°C and 20°C, and with adenosine
5 -́triphosphate (ATP)– or adenosine 5 -́diphosphate
(ADP)–actin (fig. S1).
The complexes of ATP-actin with GS1-ABS1

and GS1-ABS2 crystallized under slightly dif-
ferent conditions, and with different unit cell
parameters (14) (table S1). The structures were
determined to 1.8 and 2.3 Å resolution for ABS1
and ABS2, respectively (Fig. 1, D and E, and fig.
S2, A and B). Both structures were well defined
in the electron density maps (fig. S2, C and D).
The flexible linkers between GS1 and the Tmod
fragments, and residues 50 to 57 and 100 to 101
of ABS1 and 160 to 169 of ABS2, were not vi-
sualized. These residues likely do not interact
with actin, because the C termini of ABS1 and
ABS2 projected away from actin, and weak elec-
tron density that could not be modeled was also
observed projecting away from actin at their N
termini. A structure of ABS1 was also obtained
with ADP-actin at 2.15 Å resolution and showed
a conformation similar to that observed with
ATP-actin (14). Crystals of ABS2 could not be
obtained with ADP-actin.
The Tmod structures differed substantially

from previously characterized actin complexes
(18); whereas most actin-binding proteins bind
in the cleft between actin subdomains 1 and 3,
ABS1 and ABS2 bound at the pointed end of the
actin monomer, and on the side of subdomains
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2 and 1 (Fig. 1, D and E, and movies S1 and S2).
An unusual feature of the structures was an in-
teraction with the deoxyribonuclease I (DNase I)–
binding loop in actin. As a result, this loop, which
is disordered in most actin structures, was or-
dered in the Tmod complexes, albeit with differ-
ent conformations in the two structures.
ABS1 extended beyond the a helix suggested

previously, with a total of 42 residues (P58 to
K99) mediating the interaction (Fig. 1, A and D).
ABS1 adopted a rather extended conformation
and contacted three out of the four actin sub-
domains. The a helix was longer than anticipated,
comprising residues 64 to 77. This helix played a
crucial role in the interaction, by forming a bridge

across the nucleotide-binding cleft on top of actin
subdomains 4 and 2. As a result, the nucleotide
cleft was slightly more closed in this structure
than in that of ABS2.
The interactions of ABS2 were also more ex-

tensive than anticipated and involved contacts
along the entire region Y170 to L344. Residues
Y170 to N179 formed a loop that interacted with
the DNase I–binding loop in actin. Several addi-
tional contacts were mediated by the LRR domain,
whose boundaries differed compared to the de-
scription of the structure of uncomplexed chicken
Tmod1 residues 179 to 344 (11). The LRR motif
is defined as a b-strand–loop–a-helix module (19).
The loop of the motif is called the “ascending

loop,” whereas the loop connecting one motif to
the next is called the “descending loop.” By this
criterion, Tmod contains not five but four-and-a-
half LRR motifs (Fig. 1A). The ascending loops
typically mediate protein-protein interactions (19),
and this principle was conserved in Tmod, where
the ascending loops interacted on the back side
(according to the classical view) of actin subdo-
mains 2 and 1 (Fig. 1 A and E). Most LRR do-
mains have N- and C-terminal caps, which shield
the hydrophobic core of the domain from solvent
exposure (19). In Tmod, these caps consisted of a
helices that ran diagonally to the first and last
LRR motifs: D182 to N193 and Q321 to N336. The
C-terminal cap continued as an uninterrupted a
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Fig. 1. Structures of Tmod’s ABS1 and ABS2 bound to actin. (A) Domain
diagram of human Tmod1, showing the interactions of ABS1 and ABS2 with
actin. (B andC) Isothermal titration calorimetry (ITC) titrations of ABS1 (400 mM)
(B) and ABS2 (632 mM) (C) into 20 and 60 mM ATP-bound actin:GS1. For both
titrations, the best fit of the data corresponds to a one-site binding isotherm.
The reported errors correspond to the SD of the fits. (D and E) Two perpen-

dicular views of the structures of ABS1 (D) and ABS2 (E) bound to actin (blue).
GS1, fused N-terminally to the two Tmod domains, is omitted from this figure,
but shown in fig. S2. The side chains of Tmod residues that fall near actin are
shown (colored by atom type: carbon, yellow; oxygen, red; nitrogen, blue).
Circled numbers indicate actin subdomains 1 to 4. Note that subdomains 2 and
4 are exposed at the pointed end of the actin filament.
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helix that ended with residue T348. This helix
interacted along most of its length (R325 to
L344) with actin subdomain 1.
The structures of ABS1 and ABS2 were un-

equivocally overlaid onto the pointed end of the
actin filament (20), producing a model of the
pointed end that was then tested by mutagen-
esis (14). First, the structures showed that Tmod
could only bind at the pointed end, because
both ABS1 and ABS2 covered surfaces that are

buried in the filament. Second, ABS1 and ABS2
must bind to two different protomers at the
pointed end, because their binding surfaces par-
tially overlapped (fig. S3A). Third, the binding
surfaces of ABS1 and ABS2 also overlapped
when they were superimposed onto the second
and first protomers of the filament, respectively
(fig. S3B). This arrangement also placed the two
actin-binding sites asymmetrically on one side
of the filament, increasing the distance that

must be covered by the intervening sequence
(residues 100 to 170) that contains the second
TM-binding site. In contrast, no overlap was
observed when ABS1 and ABS2 were superim-
posed onto the first and second protomers of
the filament, respectively (Fig. 2A). This arrange-
ment naturally positioned ABS2 at the interface
between the first three subunits of the filament,
where Tmod residues in contact with actin were
highly conserved (fig. S4A). This model, and
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Fig. 2. Testing the interactions of Tmod at the pointed end by mutagen-
esis. (A) Representation of the mutants studied here on a domain diagram of
Tmod and on the structures of ABS1 and ABS2 superimposed onto the first two
protomers (marine and blue) at the pointed end of the filament model (20) (see
also movie S3). Residues mutated here are colored by atom type (carbon,
yellow; oxygen, red; nitrogen, blue). Also shown are residues mutated in previous
studies (green). Note that ABS1 only interacts with the first protomer, whereas
ABS2 contacts the first three protomers of the filament. The third protomer is

colored gray, except for the area that contacts ABS2, which is colored purple.
(B) Normalized pointed-end elongation rates of filament seeds as a function of
Tmod concentration, with or without TM (conditions given on top). (C) Normalized
pointed-end elongation rates of filament seeds as a function of mutant Tmod
concentration, and in the presence of TM (the individual titrations are shown
in fig. S7). Each mutant is represented by a different color (keys are given on
the bottom). (D) Comparison of the normalized pointed-end elongation rates
at 200 nM Tmod with or without (gray bars) TM.
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especially the location of the N termini of ABS1
and ABS2, was further consistent with the azi-
muthal sliding of TM on the surface of the
filament (fig. S5), which occurs upon Ca2+ bind-
ing to troponin and myosin binding to the fila-
ment (21). The two extreme positions of TM on
the filament, blocked and open, are represented
by electron microscopy (EM) structures of actin-
TM (22) and actin-TM-myosin (23). The full
extent of TM’s sliding is estimated to be ~35°
(21), which greatly restricts the available surface
for Tmod binding at the pointed end and strong-
ly supports the model proposed here.
Key interactions of Tmod with the first three

protomers of the filament (Fig. 2A and fig. S4)
were tested by mutagenesis and pointed end–
capping assays. In these assays, the barbed
end must be tightly capped, because faster dy-
namics at this end can mask subunit exchange
at the pointed end. Traditionally, gelsolin has
been used to cap the barbed end in Tmod studies
(7, 10, 12, 15–17). We found, however, that CP
and not gelsolin should be used in these assays
(fig. S6, A to D), because monomer sequestration
and filament severing by gelsolin interfered with
its barbed end capping activity (14).

The optimal concentration of TM for our ex-
periments was 1 mM (14) (fig. S6, E to H). Thus,
the concentration dependence of Tmod capping
was determined in the absence or the presence
of 1 mM TM (Fig. 2B and fig. S7, A and B). TM
enhanced Tmod’s capping efficiency about four-
fold, resulting in a KD of 28 nM compared to
108 nM in the absence of TM. These affinity
values could be directly compared, because the
same stock of filament seeds was used in the ex-
periments. Generally, however, the affinity values
depend on the number of pointed ends, which
varies from experiment to experiment. Although
substantial, a ~4-fold increase in affinity was far
below the 1000-fold increase and picomolar af-
finity reported previously (7), which prompted
several repetitions of the experiments with iden-
tical results. A nanomolar rather than picomolar
affinity of Tmod at the pointed end seems more
consistent with the observation of pointed-end
monomer exchange in sarcomeres (13).
We analyzed eight Tmod mutants in elongation

assays (Fig. 2, figs. S4 and S7, and movie S3).
Erythrocytes express a short Tmod isoform (res-
idues 103 to 359) (24), which reinforces an idea
suggested by the structures; Tmod is better de-

scribed as consisting of two TM-actin–binding
modules. Thus, we expressed constructs 1 to 101
and 100 to 359 to test the importance of each
module. Other mutations were introduced within
full-length Tmod and targeted the a helix and
tail region of ABS1, and interactions of ABS2
with the first three protomers of the filament.
Although TM increased the capping efficiency
of the mutants, they all displayed reduced ac-
tivity compared to wild-type Tmod, supporting
the importance of these residues for Tmod-actin
interactions (Fig. 2, C and D, and fig. S7, C to J).
The most severe capping defects were observed
with the deletion or mutations of the C-terminal
TM-actin–binding module. Particularly, replac-
ing residues 322 to 325 at the beginning of the
C-terminal a helix with AAAA or EEEE had the
most pronounced effect, consistent with the key
location of this region at the interface between
the first three protomers of the filament. Muta-
tions reported to affect actin binding and capping
(9, 15–17) also tended to localize to the contact
surface with subunits of the filament (Fig. 2A,
fig. S4, and movie S3).
These results are consistent with a model in

which a single Tmod molecule caps actin filaments
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Fig. 3. Model of the pointed end. (A) Domain diagram of Tmod (according
to Fig. 1A), showing a secondary-structure prediction of the N-terminal region
by several algorithms (14). The prediction suggests that the two TM-binding
sites, which are similar in size, also share a similar fold, consisting of a three-
helix bundle. (B) Model of the pointed end, with the structures of the com-
plexes of actin with ABS1 and ABS2 (magenta) superimposed onto the first

two protomers of the filament (marine and blue). ABS2 also contacts the
third protomer (purple-colored area). TM is shown in the stable “blocked”
position, which it assumes when bound alone to the filament (22). A tentative
model of the two TM-binding sites of Tmod (green), based on the results of
the secondary-structure prediction and energy minimization (14), is shown
for reference (see also movie S4).
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at the pointed end (Fig. 3 and movie S4). ABS1
interacts only with the first protomer of the
filament (interface area: 1549 Å2) and ABS2 inter-
acts mainly with the second protomer (interface
area: 1770 Å2), although it also contacts proto-
mers 1 and 3 (estimated interface areas: 198 and
125 Å2, respectively). Secondary-structure predic-
tion using several algorithms further suggests that
the two TM-binding sites have a related fold con-
sisting of three helices (14). The model of the
pointed end proposed here is supported by ana-
lysis of several Tmod mutants and by steric con-
straints imposed by the structure of the filament
(20) and the blocked (22) and open (23) positions
of TM on the filament.
The structure of the pointed end–binding

VCD domain of Vibrio VopL was recently de-
termined in complex with an actin trimer (25).
One of the subunits of the VCD dimer binds in
the same location as ABS2, i.e., at the interface
between the first three subunits of the filament
(fig. S8). VopL is a powerful nucleator, and this
activity is strongly enhanced by the presence
of actin monomer–binding WH2 domains N-
terminal to VCD (26, 27). Similarly, the Tmod-
related protein leiomodin is a powerful nucleator
(28), and this activity is enhanced by the presence
of a C-terminal tail that contains aWH2 domain.
Separately, ABS1 andABS2 interact withmono-

meric actin with KDs of ~10 mM, independent
of the nucleotide state on actin, whereas full-
length Tmod binds to the pointed end with a
KD of 108 nM, and 28 nM in the presence of
TM. Thus, the increased affinity of Tmod at the
pointed end results from multiple, relatively
weak interactions, involving three actin proto-
mers and two TM molecules on each side of

the filament. We suggest that Tmod’s interac-
tions at the pointed end are better described
in the form of two TM-actin–binding modules.
Because of their relative independence and
weaker individual affinities, one module can
detach from the filament while the other re-
mains bound, which could explain pointed-end
subunit exchange in sarcomeres (13). Newly in-
corporated monomers likely consist of ATP-
actin, for which the two actin-binding sites of
Tmod appear to have an affinity similar to that
for ADP-actin, thought to be the predominant
species at the pointed end.
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A  
paper notebook seems like it should last forever. After 

all, Gutenberg Bibles have survived since the 1400s. 

Still, paper is not perfect. Consider these true stories: 

At an Australian university, 30 years of notebooks became a 

pile of loose pages after the bindings crumbled during relo-

cation. In the United States, a postdoc spent days combing 

through three-ring binders for experimental details requested 

by reviewers. In a positive example of going paperless, a Swiss 

contract manufacturing organization wowed clients with real-

time, online chromatography runs of their samples. Electronic 

-./0�.�0����00-���.�����	
����.��.
�.����/�������
�������.���

been reluctant adopters. The major barriers for going digital are 

cost, the activation energy required to change work habits, and 

the daunting number of options. 

Where to Start

LIMSwiki is an excellent starting point for laboratory infor-

matics newbies. The online resource is a community service 

from the Laboratory Informatics Institute, a trade organization 

founded in 2006 by LabLynx, a vendor of browser-based re-

search management software. LabLynx emphasizes transpar-

ency, for example in pricing, and LIMSwiki provides prices when 

possible in its up-to-date vendor descriptions. ìWeíve tried to 

maintain neutrality throughout,î says Shawn Douglas, LIMSwiki 

curator, ìavoiding marketing and self-promotion. The wiki is an 

evolving tool, and weíre always looking for quality contributors.î 

�����������0��������	
���0
���0�������������.��������-��-

tronic laboratory notebook, generally used to document experi-

��
����.
��������-./0�.�0����
�0��.��0
��.
.����
����������

traditionally used for tracking standardized processes such as 

production). But the distinction between informatics products 

is blurring, says Markus Dathe, good manufacturing practice 

and computer system validation coordinator at Roche, because 

��0
�����
�������.���
�
��������������.
��� �����
���0��-

ware are expanding functions, interconnecting, and overlapping. 

Informatics packages increasingly aim to cover the entire life-

cycle of an R&D project including reagent inventories, regulatory 

forms, and work requests in addition to experimental details. 

�0�������.���������.�����.--���0���������.��0����0�
�����

�������0�0�0-���
���!���0����
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���-����0
����.�.�	-����

������0
������������.-���0���������0������
�������0����
���.-�

investigators to lab managers,î says Erik Alsmyr, senior director 

of software development for the Accelrys �0��/00��������0��-��

Conturís iLabber) for small-to-medium-sized research groups. 

Alsmyr says most labs start with all-purpose organizing and 

sharing software such as Evernote or SharePoint, then real-

ize they need more storage capacity or intellectual property 

��"����0�����0
���-����0
�������������0�����#$%&��-0/.-�.������

�0��0������0�����.���'-�����.
���0����0������.-������.���

compliant with regulatory requirements for electronic records, 

for example Part 11 of the Code of Federal Regulations Title 21, 

which covers the U.S. Food and Drug Administration, and Euro-

pean Union Annex 11 for the European market. 

Researchers are still slow adopters, though, particularly at 

universities. Thatís why LabArchives�0(����.�����������
�.�-

dition to a subscription-based version with more storage and 

features. ìOur research says that in academia, about 95% of 

scientists still use a paper notebook,î says Earl Beutler, LabAr-

������)��������!��������0*�����+���-�����0����
������.��-��.���

����
��������
�-���
��.��0/�-�"��,����

�������
�����)��������0��

labs to go digital. ìIíve worked around smart, technologically 

��0	���
������
����������
�����-���������.����.
���)��.�.,���

that their state-of-the-art is still taking a photo of a gel, printing 

it out, and gluing it into a paper notebook.î 

Realizing that adhesives disintegrate and notes on laptops 

donít have the strongest IP protection, universities are buying 

informatics site licenses that cover entire departments, says 

Beutler. This removes the cost barrier for scientists and ensures 

proper archiving of potentially patentable results. LabArchives 

also targets an audience that doesnít have paper nostalgia: 

students. ìMany of our users are academic researchers who 

��.����0�������.����0����-.���00������.���������� �������.���

Beutler. ìIt lets instructors provide background information and 

give and grade assignments electronically. The largest class itís 

The Paperless Lab

MetabolomicsóSeptember 19    GenomicsóOctober 3   Cell CultureóNovember 21

P
H

O
T
O

: 
P
A

V
E

L
 I
G

N
A

T
O

V
/S

H
U

T
T
E

R
S

T
O

C
K

.C
O

M

Some scientists keep experimental records on sticky notes. 

Some groups maintain ordering information in the head of a 

single technician. But for researchers looking for more sta-

ble, searchable, and sharable records, digital options such as 

electronic laboratory notebooks (ELNs) and laboratory infor-

mation management systems (LIMS) are readily available. 

Scientists can start with a simple online notebook or choose 

a complete lab management package to track the entire life-

cycle of their projects. By Chris Tachibana

Upcoming Features
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customers a path forward,î says Leif Pedersen, senior vice 

president at Accelrys.

Nonetheless, industries are not uniformly adopting laboratory 

informatics. Although agencies such as the Food and Drug Ad-

ministration encourage electronic documentation, Dathe says, 

ìThe pharmaceutical industry is generally conservative, and itís 

often easier and cheaper to stay with a paper system that is 

known to be accepted by regulatory agencies.î 

At LEO Pharma in Denmark, head of discovery informatics 

and data management Ulrik Nicolai de Lichtenberg developed 

a model for committing to a commercial informatics system. 

()*+)���)��������)��	)*
������+�*�*�	�	�����	*	����������+�

needs and goals and ìhow much pain you can put up with,î 

��*�����)���������)�����*������+)�*�*��*������+���������)����

a new system. Realize that your ELN or LIMS is just a part of an 

information ecosystem. LEO Pharma chose the Accelrys ELN 

for its Medicinal Chemistry R&D Department, but the ELN is 

just one element in a comprehensive infrastructure designed by 

de Lichtenbergís team. Their system will capture, validate, and 

permanently store records so they are accessible, searchable, 

and legally defensible in case of IP disputes. Itís a complex 

project and de Lichtenberg recommends seeking advice from 

independent consultants who understand the ever-changing 

informatics market.

Looking to the Cloud And Beyond

����*��������))�������������)��������+����Atrium Research 

& Consulting, advised de Lichtenberg and endorses his ap-

proach. ìDonít get enamored with a demo,î he says. ìLook 

under the hood and check out the capabilities of an informatics 

system.î Clients dream of a single system that streamlines pro-

cess management and securely and permanently stores data 

while rapidly retrieving needed information. An ideal system 

�����������������*+
��*)*� �+�����	���+
�)�*)�������*�	��+�

��++��)�+�	�*+���!��	)���	���)��	���+���������	�+�*��"������	��

Clients want scalability, a user-friendly interface, and outstand-

ing global support. However, products vary in these capabilities, 

says Elliott. ìDonít choose based on a presentation or brand 

name. Think carefully about your needs now and in the future.î

If expandability and ease of use are priorities, a cloud-

based system, for example from Core Informatics, might 

be the answer. In principle, the cloud can house unlimited 

amounts of data and has a familiar interface since accessed is 

through a web browser. Brower-based systems donít require 

specialized software, so theyíre easy to upgrade. Informatics 

vendors are also creating user-friendly modular packages. 

Similar to choosing mobile phone apps, users select only the 

components they need. 

Also on the horizon is greater mobility and compatibility. Re-

searchers are taking smartphones and tablets into the labora-

tory so informatics developers are making products compatible 

with handheld devices. Increasingly, data needs to be compiled 

*�+�		�����+��)���	)+����)	�*�������+�*)��	���*)��+�	��	��

Pedersen says he is personally pushing for increased standard-

ization to facilitate information sharing. Ever the 

been used in was more than 

2,000 students.î 

Tammy Morrish is an aca-

demic researcher who went 

digital from day one, setting 

up her laboratory with Lab-

guru, a web-based research 

management system. As 

a postdoc, Morrish kept a 

homemade database of proj-

ect resources but wanted an 

advanced, sharable system 

when she started as an assis-

tant professor at the Universi-

ty of Toledo Biochemistry and 

Cancer Biology Department. 

Thatís a great time to set up 

a new system, she says, be-

cause you know all the mice, 

cell lines, and plasmids you 

have available for projects.

Morrish praises Labguruís 

customer service and says the 

system is a huge timesaver. It streamlines ordering by putting 

product numbers, vendors, and current orders in one place, she 

says. Labguru holds her laboratoryís mouse records with full 

genotypes, and plasmid information including maps. Morrish 

says the system is particularly helpful for locating items. ìThink 

how much time we waste looking for things,î she says. ìNow 

when I need something, even if other people arenít around to 

*	
��#��*��)����)���)��)����*)*�*	��*��������)��$�����+	����	���

adds, ìpeople have to put things back where they found them.î 

Her lab has a technician who checks inventories against the 

database weekly.

At a higher level, the system facilitates group interactions, 

for example by making data sharing easy. It also teaches best 

practices. ìIt helps students learn that with any database,î says 

Morrish, ìyou have to enter information correctly and consis-

)��)���+�������%)����*����)�������)��

Going Digital But Maintaining Control

(��������*	�����	���		�	�*�	��*��+���*)��)��������������

digital research management, but long-term stability is a high 

priority, too. ìThe challenge is assuring the accessibility and 

usability of data 20 years from now,î says Dathe. Choosing 

a major informatics supplier such as IDBS, PerkinElmer, or 

Accelrys might give some assurance of permanence, but 

the market is so dynamic that any vendor will likely undergo 

��*���	��#��)����*	)����*��	��&��+���'�	��+�(����)����

acquired InnaPhase; PerkinElmer purchased Labtronics, 

CambridgeSoft and ArtusLabs; Accelrys, which has its 

own lengthy merger and acquisition history, was recently 

acquired by the French software company Dassault. Still, after 

consolidating, companies strive to retain users. ìWe still carry 

software developed in the 1990s and weíve always shown 
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realist, though, Elliott says 

progress in standardization 

is slow because even within 

a single department, us-

0123�����30�����3	�
3010��3

�01��������3��	3	03������2�3

The force that could drive 

both standardization of 

2��0���3�3����1�����23��	3

better data integration, says 

Elliott, ìis the move toward 

��103�������1����03��1���

To the wish list of infor-

matics improvements, Da-

the adds features that give 

data context: when and 

where they were collected 

��	3��13����3�1��0���3����3

should be linked to relevant 

molecular and clinical infor-

mation and the entire data-

generating process, includ-

ing the type and status of 

0�����0��3�20	�3��������3����0����32��23����0�3���03��������3

��3	���3�03���3����0��3�23�0������022��

Being Open-Minded 

�������3��03	���3��������3�23�1���3 �0��01!23����3 �0��013�23

president of LabKey Software, which develops tools for data 

�����0�0��3��	3���0�1������3"�03�10�	3����1	3�������#�����3

and multisite collaboration, he says, means project managers 

��2�3���1	����03	���3����0��0	3��3��1$%3���32��023��	013	��01203

���	�����23����3�3��1�0��3��3��2�1��0��2�3�"���!23��0103&��'0�3

���023����32��23 �0��01�3��03����	3����23��132�0��3�3��2�2�3�2�$

ally data integration for multisite collaborative projects that 

�00	3��32���	�1	�#03�0�01��0�0��23	�����3(�3���2���3�0���103

��3&��'0�3������103�23����3��23�1�	���3�23��0�32��1�0�

3��03�10�3���3��3��03���	0���3�����������32��23&��'0�!23

Science Outreach Director Elizabeth Nelson, ìso we believe itís 

��3�	������03��13��032�����103������1�3��3�03�100��3��������0��3

Open source code allows researchers to tailor their systems, 

2��23 �0��01�3��	3����	���3��	32��1���3&��'0�3����23�10��023�3

����������3
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301*3�+�2����#�$

������32��23 �0��01�3&��'0�3������1030��01�23���3�10��03����23

that directly address Datheís call for giving context to data, 

��130�����03��3�		���3	0���1�����3����1�������3(�	3��3(�$

gust 2013, open source and open access came together via 

&��'0�3��3�1����032��0���3�3�1��2��10���3��	310�1�	����������3

For a clinical trial of a vasculitis therapy published in the New 

England Journal of Medicine, ��03&��'0�3��0�32��1�03������1�3

was used to create a web portal with free public access to 

��1��������$�0�0�3	����32�1���0	3��3�	0��������3����1�������

Researchers who are committed to transparency and are 

��2�3	�$��$���120��0123���03�3�����03��3��0�32��1�03��1�%3��3

�����0�0��3����2�3+�1�3

Boettiger, an ecology and 

evolution postdoctoral re-

searcher at the University 

of California, Santa Cruz 

has traveled the entire DIY 

���3���0����3���1�0��3��0�$

tiger started keeping public-

ly accessible lab records in 

��03,�0��0���103������1��3

�)�!23�3���31�	������32��23

��0����01�3�(����03���3��3

in and edit other peoplesí 

notes, although that rarely 

����0�2��3(��013,�0��0�$

��10�3��0����013���0	3

to platforms that give him 

increasing control over his 

research records, starting 

����3��1	 1022�3�����3�23

�2�����3�20	3��13���������3

Boettiger now uses the on-

line software development 

site GitHub as his notebook and Jekyll website-generating soft-

��103��3�����2�3��23���0����3�����0�

(3����$���03-&.3�10��023�31���2��3����0	3��2��1�3��3���13

1020�1���32��23��0����01�3)�3	�2���1��023�1��	3�0���203���3
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to people at conferences or answering reviewer requests, he 

2��2�3/��3���3��2�3����3��310��1	23��3�3���	�0�	3	0���03��32003
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Whatís Next
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toward more open and collaborative, more secure, and more 
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pharma development and information technology specialist in 
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Barcoding will note reagents, samples, and instruments used, 
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tire process will be recorded, showing the provenance of every 
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more extensive record that can be transparent or shared if you 
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research by capturing experimental details with no manual data 
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Imaging System Software
The new WITec Suite software, for WITec 

imaging systems, was developed to 

acquire and process large data volumes 

of large-area, high-resolution measure-

ments, and 3-D imaging while provid-

ing speed, performance, and usability. 

Through the software architecture and 

graphical user interface an integrated 

and consolidated functionality is avail-

able incorporating the various tech-

niques and measurement modes from 

��������������������	���
���������

and luminescence. An intelligent com-

puter resource management provides 

the capabilities for the generation and 

visualization of even large data sets. The 

high-speed data acquisition allows for 

example the measurement and record-

ing of over 1,300 Raman spectra in only 

one second. Furthermore data sets 

including several million image pixels, 

each containing the information that can 

be generated, processed, and imaged 

smoothly. Another focus of WITec Suite 

��������������������������������������

The software design provides a clear and 

intuitive menu guidance and an individu-

ally adjustable user. 

WITec

For info: +49-731-140-700

www.witec.de

Sample Comparison Software 
The latest version of GeneMarker Soft-

ware now includes an integrated repli-

cate comparison tool for use in ecology, 

agricultural, and clinical research. The 

replicate comparison tool automati-

cally groups replicate samples within a 

����
���!��������	��  ������������!��

to notify researchers of any discordant 

allele calls. The tool eliminates the time 

consuming manual review of replicate 

sample electropherograms. Linked navigation allows the researcher 

to immediately view the electropherograms of replicates with dis-


����!���������
���	�������	���� ��!����������������������	�������
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useful in the laboratory, including analysis of low template DNA 

	� ��	�������������!����!�������������	��������!������� ���������-

cate comparison tool in areas such as evaluating loci for allele drop 

�����������
�!�� �������������
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indirectly from hair traps or dung. Users can export the concordant 

genotypes in a combined table, or link directly to other embedded 

GeneMarker software applications. 

SoftGenetics

For info: 888-791-1270

www.softgenetics.com

Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 

are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 

products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier.

SOPs and Methods Platforms
�������
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ics solution that gives scientists complete 

control over their methods and standard 
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&��(���
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���!��$�"������	��

having to purchase, integrate, and vali-

date software from multiple vendors. The 

system is web-based, built on and fully 

�(���
&����������������
'�����(����

enterprise-level lab information manage-

'�(�������'�!�%��"���&���
'��&�����(��

���������	(���(&�����������&�������
�'�

the LIMS or from any web browser. Com-

bined with the instrument integration ca-

�&���������������
'�����(����%(���
&���(�

Manager, and the raw data storage and 

retrieval capabilities of the companyís 

�����!�&�&��&(&��
"������(���������-

fers customers the most comprehensive 

paperless lab solution available today. 

���������(&������&��'&(&��
��&(����-

entists across all industries to achieve full 

instrument integration, including manag-
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������

retrieving and archiving any kind of raw 

���(�����&�&��&(��� ��
��(������
��	����

across the organization in the format re-

quired by the recipient. 
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For info: 800-395-5467

�����	�'�
��	(�������'��	


Sample Management Software 
Mosaic 6.0 has been developed 

progressively over the last 12 years in 

response to the evermore sophisticated 

requirements in the management of 

compounds, biologicals, reagents, 

and standards. Mosaic supports 
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of life science organizations in industry 

and academia, from multi-continent, 

enterprise-wide installations, to those in 

&�
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software infrastructure, providing a comprehensive solution 

to sample management, and satisfying the need to improve 

throughput while maintaining sample integrity and inventory 
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	&'�	
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infrastructure, Mosaic modules are available for: inventory tracking, 

ordering, and sample processing, including integration with 

laboratory automation. Mosaic 6.0 provides new Assay Requesting 

functionality, enabling sample bank operators to aggregate assay 
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�
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#
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inventory management that enable convenient inventory search 

functions. 

Titian

For info: 508-366-2234

www.titian.co.uk  

Automated Liquid Handler 
Management 
ArtelWare is a software application that is 

designed for use with the MVS Multichan-

�������
�	��
�����������������������������

MVS users to track and manage the per-

formance of their automated liquid han-

dlers over time. ArtelWare aggregates the 

standardized measurements from the MVS 

for all of a userís liquid handlers, providing 

detailed, actionable performance infor-

mation, and a new level of insight for the 

management of these critical laboratory 

tools. The Artel MVS and the ArtelWare 

�����������
���������������������������
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visualize the tip-by-tip status of any device 

as well as view performance over time, 

even across multiple labs. Action limits 

can either be pre-assigned or determined 

based on the data. ArtelWare also provides 

the tools to manage and optimize instru-

ment maintenance by viewing historical 

information on individual device availability 

and reliability. With ArtelWare, automation 

customers can reduce time spent on false 

ìhits,î increasing overall lab productivity.

Artel

For info: 888-406-3463  

www.artel-usa.com
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Gibson Assembly® Cloning Kit
New England Biolabs has revolutionized your laboratory’s

standard cloning methodology. The Gibson Assembly

Cloning Kit combines the power of the Gibson Assembly

Master Mix with NEB 5-alpha Competent E. coli, enabling

fragment assembly and transformation in just under two hours.
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Assembly reactions containing 25 ng of linear pUC19 vector and 0.04 pmol
of each fragment were performed following individual suppliers’ recommended
protocols and using the competent cells provided with the kit. The total number
of recombinant colonies was calculated per 25 ng of linear pUC19 vector added
to the assembly reaction.

Gibson Assembly Cloning Kit provides robust

transformation efficiencies
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Q: Tell us about your back-

grounds and how you met.

A: Sheltzer: I majored in molecu-

lar biology at Princeton University 

and then went to grad school in 

biology at MIT. I’m studying how 

changes in chromosome number 

affect cell physiology and cancer 

progression. Joan and I met on 

OKCupid. We started chatting 

about our mutual love of Richard 

Feynman and hydrogen atoms. We 

met up at a local cafe and haven’t 

looked back since!

Smith: I have a Bachelor of Science 

in physics from MIT, and I’m a 

software engineer at Twitter. From 

just a few dates, it was obvious 

that we valued the same things 

(work, science, feminism), had 

complementary personality quirks, 

and got along exceptionally well.

Q: How did you start working together?

A: Sheltzer: I was analyzing some microarray data, and 

I reached the limit of what I knew how to do in terms 

of data analysis. So I described the scientific question to 

Joan, and in about 30 minutes, she had set up a Py-

thon script to answer it. Collaborating with Joan really 

expands the range of questions that I’m able to address.

Q: Where did the data for your PNAS article come from?

A: Sheltzer: Joan and I started counting the grad stu-

dents and postdocs from the websites of a few biology 

labs. We soon found a striking pattern—elite male faculty 

in the life sciences hire particularly few women—but 

we also found that it would be difficult to get a large 

enough sample size to make the results robust and 

representative of the life sciences as a whole. I had re-

cently sold my car, so we ended up spending the money 

I had made to hire freelance data scrapers to collect 

more lab information than we could on our own.

Q: Are there any other important 

points buried in the article?

A: Sheltzer: It’s quite striking how 

a small number of “elite” labs func-

tion as gateways to the professori-

ate. We found that about 10% of all 

faculty members are members of 

the National Academy of Sciences, 

but about 60% of new faculty mem-

bers did a postdoc with a member 

of the National Academy. I think 

that this says something about 

the insular nature of academic 

science. It probably limits the 

scope of scientific questions that 

new investigators study. They’re 

mostly coming from established 

labs working on established topics.

Q: What skills are needed to 

do data-intensive research?

A: Smith: Since the data is ef-

fectively limitless, the primary bounds need to be imposed 

by your scientific question. Figuring out which pieces of 

data need to go next to each other in a table is a good 

chunk of the hard part of data analysis. Beyond that, you 

have to know at least the basics of programming, and 

you have to have enough of a background in math that 

you have the confidence to figure out some new statisti-

cal method or tool that you haven’t seen before. But in 

the end, the only things you really need are a computer, 

Google, time, and the confidence it takes to figure stuff out.

Q: How do you envision the future of your partnership?

A: Sheltzer: Professionally, we’re working on a paper 

together using Joan’s data-analysis ability to parse through 

gene-expression data from more than 20,000 cancer pa-

tients. Personally, I’m hoping that we get a cat soon. ■

Jim Austin is the editor of Science Careers—@SciCareer

Editor on Twitter. Do you have an interesting career story? 

Send it to SciCareerEditor@aaas.org.

“Elite male faculty in the life 
sciences hire particularly 

few women.”

A scientific partnership

I
n late June, the Proceedings of the National Academy of Sciences (PNAS) published an article 

showing that elite male scientists hire fewer women (as postdocs and graduate students) than oth-

er male scientists or elite women do. Almost as striking as the article’s main result is the makeup 

of its authorship team. They are a couple: Jason Sheltzer, a graduate student studying cancer biol-

ogy at the Massachusetts Institute of Technology (MIT) in Cambridge, and Joan C. Smith, a soft-

ware engineer in Twitter’s Cambridge office. This interview has been edited for brevity and clarity.

By Jim Austin
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