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Microbial diversity should be protected, just like threatened animals and plants, scientists argue.
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Newly hatched birds explore
a 73-million-year-old Arctic
environment. Modern birds
breed in the Arctic to take
advantage of abundant
seasonal resources, but the
evolutionary origins of this
behavior remain elusive.
Exceptional new fossils from
northern Alaska reveal birds
lived and nested alongside
non-avian dinosaurs in Arctic
Alaska long before the radia-
tion of modern birds after the
end-Cretaceous extinction.
See page 974.
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EDITORIAL

Fixing the US statistical infrastructure

Nancy Potok and Erica L. Groshen

fficial government statistics are critical infrastruc-

ture for the information age. Reliable, relevant, sta-

tistical information helps businesses to invest and

flourish; governments at the local, state, and na-

tional levels to make critical decisions on policy and

public services; and individuals and families to invest in their
futures. Yet surrounded by all manner of digitized data, one can
still feel inadequately informed. A major driver of this discon-
nect in the US context is delayed modernization of the federal
statistical system. The disconnect will likely worsen in coming
months as the administration shrinks statistical agencies’ staff-
ing, terminates programs (notably for health and education sta-
tistics), and eliminates unpaid external advisory groups. Amid
this upheaval, might the administration’s appetite for disruption
be harnessed to modernize federal statistics?
Federal statistics, one of the United States’ pre-

unemployment insurance claims to create timely measures of
labor market dynamics.

Even prior to the upheaval of the past few months, agencies
producing such statistics could only make slow, incremental im-
provements. Funding and staffing have been insufficient and not
optimally distributed. Statistical agencies had been stretched to
continue as is, squeezing out their ability to design new prod-
ucts. Also, the distributed structure of federal statistical agencies
(13 principal agencies across almost as many federal depart-
ments, plus over 100 statistical programs) inhibits coordination,
prioritization, and sharing data and resources.

Modern federal statistics require a consolidated system,
as most other countries have. The US system stands out for
its widely decentralized approach, a consequence of organic
growth, not thoughtful planning. Previous
presidents of both parties have proposed con-

73 :
mier public goods, differ from privately provided TI'llSt...lS an solidation, to no avail, due to territoriality, lack
data because they are privacy protected, aggre- . of champions, and fears that it would not be
gated to address relevant questions for decision- lrreplaceable done well.

makers, constructed transparently, and widely asset that We urge the administration to reorganize the
available without a subscription. The private sec- statistical system, with particular care to improve
tor cannot be expected to adequately supply such must be agility by reducing barriers to sharing data and
statistical infrastructure. Yes, some companies d ) coordination while maintaining strong statutory
collect and aggregate some economic data, such pl'OtCCte oo0 privacy and confidentiality protections for statis-

as credit card purchases and payroll information.
But without strong underpinnings of a modern,
federal information infrastructure, there would be large gaps in
nationally consistent, transparent, trustworthy data. Further-
more, most private providers rely on public statistics for their
internal analytics, to improve their products. They are among
the many data users asking for more from statistical agencies.

The US statistical system’s innovative capacity is hampered by
heavy reliance on methods developed during the past century. A
bold effort is needed to modernize and coordinate the system,
both to counter threats such as falling survey response rates and
to take advantage of opportunities that arise from burgeoning
“organic” digitized data and advances in hardware, software,
and statistical methods. Continual improvement is a core prin-
ciple of federal statistical agencies, and conditions that predate
the current administration have introduced new imperatives.

A 2024 report by the Committee on National Statistics of the
National Academies of Sciences, Engineering, and Medicine
describes a 21st-century data infrastructure that would de-
velop new data products that blend information from multiple
sources. For example, job postings data could be combined with

tical data; achieve economies of scale and scope
across statistical agencies by sharing expertise,
information technology, training, software, sample frames, and
data standards; and increase public trust by ensuring that the
consolidated system can design and execute statistical methods
outside of policy and political influence while remaining respon-
sive to policy-driven needs. Trust in the objectivity, transparency,
and reliability of federal statistics is an irreplaceable asset that
must be protected in any consolidation implementation.

As US statistical agencies’ staff and resources dwindle
and some civil service jobs may be made more like politi-
cal appointments, a more centralized system with vigorous
oversight and strongly enforced privacy protections can help
ensure that data are used for statistical purposes only, in ac-
cordance with current laws and uses. The current decentral-
ized approach, with fragmented oversight and investment,
is more vulnerable to less responsible handling. We encour-
age the scientific community to support this long-overdue
modernization. The alternative is to watch the federal statis-
tical system deteriorate as individual units share the discon-
nected fates of their parent agencies. [J
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he World Health Organiza-

tion (WHO) has sent an in-

ternal memo about potential

problems with a major com-
pany’s malaria tests after scientists
reported issues with test sensitivity
and warned it could delay patients’
access to critical treatment.

Abbott’s Bioline rapid diagnostic
tests (RDTs) for malaria are used by
health workers around the world,
particularly in remote areas where
lab techniques such as microscopy
and DNA detection aren’t available.
Investigations at several institutions
in Southeast Asia suggest at least
some of these RDTs fail to detect
infections or show faint test lines for
some positive cases.

Daniel Ngamije Madandi, director
of WHO’s Global Malaria Pro-
gramme (GMP), issued the memo
to WHO'’s six regional offices on
30 April. It lists 11 “affected” lots
from two Abbott RDTs—Pf/Pv
and Pf/Pan—that were associated
with “faint lines and false negative
results” in reports from “multiple
research groups.” The memo follows
a public notice by WHO in March
that warned of reports of faint lines
in malaria RDTs without mentioning
particular brands or products. In the
new memo, GMP advises program
leaders who received affected lots
to report performance concerns to
WHO and consider opening their
own investigations. It does not say
the tests shouldn’t be used.

The information is “concerning,”
says Cristian Koepfli, an infectious
disease researcher at the University
of Notre Dame who has studied
Abbott RDTs’ performance and
received funding from the manufac-
turer of a competitor brand. False
negatives can deprive patients of
potentially lifesaving therapies,
hamper disease elimination efforts,
and undermine trust in these
diagnostics, he says.

GLOBAL HEALTH

CATHERINE OFFORD

Abbott did not answer specific
questions from Science, but said in a
statement that product quality and
safety “are of the utmost priority to
us.” A thorough review has “con-
firmed that the product is performing
as intended. Abbott also engaged a
WHO-qualified lab to conduct ad-
ditional tests.” The company reminds
customers that any line, however
faint, “designates a positive result.”

Malaria RDTs use a drop of
blood and return a pink-purple
line if they detect proteins from

Ablood draw for a malaria test at a Shoklo
Malaria Research Unit clinic in Thailand in 2013.

the Plasmodium parasites that cause
malaria. WHO recommends a lower
detection threshold of 200 parasites
per microliter of blood, but many
modern tests detect parasite densi-
ties below that. Companies often
report sensitivities of 95% or higher,
although factors including improper
storage or use can compromise per-
formance in the field.

Abbott’s rapid tests have undergone
extensive assessment, including by
WHO. The organization includes Bio-
line malaria RDTs on its “prequalified
diagnostics” list, which international
agencies use to guide procurement
of medical devices. Southeast Asia,
for example, has millions of Abbott’s
malaria RDTs procured by the United
Nations Office for Project Services with

Researchers question Abbott’s rapid malaria tests

Reports of false negatives prompted a World Health Organization internal memo, but company denies problems

money from the Global Fund, a major
international financer of efforts to
eliminate malaria. (Supported primar-
ily by donations from governments,
the fund is reportedly seeking bigger
investments from private donors amid
recent uncertainty about U.S. and
other nations’ contributions.)

Malaria researcher Francois Nosten
says he heard of problems with Ab-
bott’s tests in mid-2024. He heads the
Shoklo Malaria Research Unit (SMRU)
on the Thai border with Myanmar,
part of the Mahidol Oxford Tropical
Medicine Research Unit (MORU).
Health workers told him of feverish
patients in rural areas who tested
negative with Abbott RDTs, sometimes
repeatedly, only to test positive with
another brand.

SMRU sent a team to investigate. Its
reports, shared with WHO and viewed
by Science, describe one screening of
more than 70 patients in which Abbott
RDTs identified just three positive
cases, whereas another RDT brand
and microscopy both flagged more
than 10 times as many.

Such findings are worrying, partic-
ularly in areas where it’s impractical
to use more than one diagnostic, says

Jaishree Raman, a principal medical
scientist at South Africa’s National
Institute for Communicable Diseases
who was not involved in the investiga-
tion. “You want to get a rapid, accurate
test for a malaria patient so you can
start treatment,” she says. As well as
being potentially lethal, an untreated
case could start an outbreak in an area
close to eliminating the disease.

In September 2024, Nosten wrote
to collaborators saying his group
wouldn’t use or distribute Bioline
RDTs it had obtained until the issue
was resolved. “The amount of money
that is involved is huge,” Nosten
tells Science. “What do we do with the
[millions] of Abbott RDTs we have in
store that we are not going to use?”

SMRU also mailed RDTs to other
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labs and collaborators for additional
evaluations. Using various protocols,
one WHO-collaborating center in the
Philippines concluded the RDTs suc-
cessfully detected infections, but some
test lines were faint; researchers at the
Pasteur Institute of Cambodia found
negative results at parasite densities
of several thousand; and a University
of Strasbourg lab sometimes found

no line at parasite densities of up to
about 370, and occasional faint lines
at more than 1500. (A subsequent field
test using the same lots in Madagas-
car did not reveal problems with test
sensitivity, says Strasbourg malaria
researcher Didier Ménard.)

Medical Action Myanmar, a
nongovernmental organization in
Myanmar that was co-founded by a
researcher at MORU, submitted its
own report about false negatives in
the field, this one using RDTs that
hadn’t come from SMRU.

In January, Abbott and SMRU
conducted a joint assessment of
SMRU’s RDTs as well as newly
manufactured kits using fresh and
frozen blood and a panel of parasite
proteins. Reports of that assessment,
viewed by Science, show Abbott’s
staff typically rated test lines’ color
intensity as stronger than SMRU’s
team did, though both recorded
negatives for two frozen samples.

SMRU concluded that Abbott’s RDTs
had a “sensitivity issue” and were “not
fit for purpose.” But Abbott identified
no quality issues, and noted its product
instructions do not recommend testing
frozen samples, which are frequently
used for convenience in laboratory
evaluations of RDTs. It highlighted a
“reading variation” between Abbott
and SMRU staff that could lead to
“missed positive results in weak posi-
tive cases (faint lines).” It also noted
issues with “sample volume collection
method and visual [interpretation] of
results” by SMRU. Nosten rejects any
suggestion his team performed the
tests incorrectly. He adds that if a test
line “is so faint that 90% of people will
say it’s negative because there’s ‘no line’
then you have a problem.”

Raman and Koepfli, who reviewed
the reports from the joint assessment
and the lab evaluations obtained
by Science, agree there are grounds
for concern about test sensitiv-
ity. “RDTs are supposed to enable
prompt, accurate diagnosis,” Raman
says. These reports suggest some
Abbott RDTs “have challenges in
achieving this.”

Science 29 MAY 2025

Whether that’s true worldwide isn’t
clear. False negatives may be less likely
in countries where malaria transmis-
sion and parasite densities are higher,
as in parts of Africa, says Nick White,
a malaria researcher at MORU who
is co-authoring an academic paper
describing SMRU’s findings.

The 30 April memo from GMP notes
that reports of problems with Abbott’s
RDTs come from “diverse field settings
and experienced users, suggesting the
issue is not related to user error or
test interpretation.” It recommends
programs that received any of the nine
Pf/Pv and two Pf/Pan “affected” lots
“seek information” about performance
concerns and consider getting some
boxes of tests evaluated.

In a statement, WHO says it takes
reports of test issues seriously and
is working with Abbott Diagnostics
Korea, the subsidiary that makes the
RDTs under scrutiny, to address con-
cerns. It adds, “The manufacturer
has committed to provide additional

information on product usability
and agreed to undergo a for-cause
site inspection.”

The April WHO memo will be
“very important to support fu-
ture purchases of alternative RDT
brands,” says Arjen Dondorp, chair
of the steering committee for the
Global Fund’s Regional Artemisinin-
resistance Initiative and deputy
director at MORU. The Global Fund
declined to comment on specific
purchases, but said it remains “com-
mitted to supporting countries in
the selection and procurement of
effective tools” against malaria.

Raman says she understands WHO
must avoid “making a statement
without the proper and very strong
evidence.” Still, she says, “I would
rather they had said: ‘If you are using
this Abbott kit, make sure that you
get an alternative [or] add another
diagnostic tool’ ... Obviously, you
don’t want people with malaria not
being detected or treated.” []
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This crab has headlights

Scuttling through Indo-Pacific mangrove forests, face-banded crabs (Parasesarma
eumolpe) sometimes flash a dazzling green or blue light from a pair of bands on
their heads. Researchers reported last week in Ecology that the bright light comes
from the bands’ unique shape, which focuses light into beams like the reflectors
inside car headlights. Light hitting the bands at various angles tends to be reflected
forward, the team found, in a beam that is especially bright between 5 and 50
centimeters away, the typical distance at which these crabs interact. Behavioral
experiments showed the crabs are more interested in the light from same-sex
individuals—males have blue bands, and females green—so it may be used to
signal an intent to defend territory from rivals. —Erik Stokstad
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TRUMP TRACKER

WHITE HOUSE REPORT
DECRIES HEALTH OF
U.S.KIDS Declaring
today's children “the
sickest generation

in American history,”
President Donald
Trump’s administra-
tion last week released
a 72-page report

that identifies poor
diet, environmental
chemicals, sedentary
lifestyles, and “over-
medicalization” of
youngsters as “poten-
tial” drivers of growing
rates of youth obesity,
diabetes, autism, and
mental health diag-
noses. The influence
of Health and Human
Services Secretary
Robert F. Kennedy Jr.,
who chaired the com-
mission of Cabinet
secretaries that wrote
the White House
report, is clear in its
pages. Kennedy has
campaigned against
childhood vaccines
and pesticides and
the report assails, for
instance, alarming lev-
els of some pesticides
found in children’s
blood and urine. It also
calls for research into
“the links between
vaccines and chronic
disease.” But the
fingerprints of industry
also dot the report,
which declares the
American food system
“safe!” The report
does not mention the
leading killer of U.S.
children: gun violence.
The commission will
now begin work on an
action plan that is due
out in August.
—Meredith Wadman
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INFECTIOUS DISEASES

Leprosy was an American scourge
long before Europeans arrived

Scientists find DNA from an enigmatic bacterium in 1000-year-old skeletons

MICHAEL PRICE

or more than a century, scientists

thought leprosy was an Old World

disease with a single culprit. The

bacterium Mycobacterium leprae had
ravaged Europe, Asia, and Africa for thousands
of years and was introduced to the Americas
by European colonists and enslaved people
from Africa about 500 years ago. But in 2008,
researchers discovered a second species, M. lep-
romatosis, circulating in Mexico. Whether that,
too, had arrived with Europeans or was native
to the Americas was unclear.

Two later sightings of the same bacterium
deepened the mystery. In 2016, veterinarians
found M. lepromatosis in red squirrels with
leprosylike lesions on the British Isles. Then in
2018, the pathogen popped up in the ancient
DNA of an individual who lived 1000 years ago,
centuries before Europeans arrived, in what
today is Western Canada.

Now, a study online this week in Science
charts the history of M. lepromatosis, confirming
the enigmatic bacterium existed—and may have
been widespread—in North and South America
before European contact. “This is fascinating
stuff;” says Erwin Schurr at McGill University,

who specializes in the genetics of leprosy.

Also known as Hansen disease, leprosy can
cause disfiguring skin and skeletal lesions and
extensive nerve damage, and often comes with
social stigma. Researchers had never seen the
skeletal lesions in ancient remains from the
Americas, leading them to conclude it was
unknown there before Europeans’ arrival.

Pasteur Institute biologist Nicolds Rascovan
and colleagues laid the groundwork for the
new study with their 2018 finding. They had
screened databases of ancient DNA, often from
archeological sites, for the genetic signatures
of pathogens. During a single fortuitous night,
their search turned up an unknown strain of
plague in a 5000-year-old Swedish tomb, as
well as M. lepromatosis in a person who lived
around 1000 C.E. near what today are the Lax
Kw’alaams and Metlakatla First Nations, on
the northern coast of British Columbia. “It was
a really important night,” Rascovan says.

His graduate student Maria Lopopolo
screened additional ancient DNA databases
from South America. “And then,” he recalls,
“she found it”: M. lepromatosis in the skeletal
remains from two sites in Argentina, both
also dating to about 1000 years ago. By show-
ing M. lepromatis was present in individuals
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Aleprosy patient receives treatment
at a clinic in Marituba, Brazil, in 2013.

separated by more than 10,000 kilometers a
millennium ago, the discovery suggests it may
have been widespread in the Americas. (Rasco-
van notes that his team obtained permission
from local tribal communities to use data from
Indigenous ancient DNA. Joycelynn Mitchell,
a treaty negotiator with the Metlakatla First
Nation, is an author on the paper.)

Hoping to learn more about when M.
lepromatosis emerged, Rascovan reached out to
microbiologist Charlotte Avanzi at Colorado
State University, whose lab investigated M.
lepromatosis in British red squirrels. “It was
really puzzling, because we had never found any
lepromatosis in ancient DNA from Europe,” she
says. “We started to wonder whether it was
something from the Americas.”

Joining forces, the teams screened for the
bacterium in 408 modern-day people, mostly
leprosy patients, from the United States, Mex-
ico, French Guiana, Brazil, and Paraguay. They
detected M. lepromatosis in 34 individuals,
most of them in Mexico. By estimating how
long it would take various mutations to accu-
mulate in the present-day bacterial genomes,
as well as those of the ancient samples, the
researchers conclude this version of the strain
emerged about 9000 years ago, somewhere in
the Americas. It diverged from the more com-
mon M. leprae about 1 million years ago.

It’s not yet clear whether people migrat-
ing into North America across the Bering
Land Bridge brought a predecessor of this
M. lepromatosis strain with them or if they
acquired it from animals already living on the
continent. But the findings “clearly show the
presence of M. lepromatosis in the Americas
precontact,” says Anne Stone, an anthropologi-
cal geneticist at Arizona State University: “It
highlights some of the surprises that ancient
DNA can bring.”

When Europeans arrived in the 15th century,
the leprosy bacterium they brought with them,
M. leprae, quickly became the dominant strain
in the Americas as well. It remains a mystery
why M. lepromatosis didn’t, in turn, infect colo-
nizing Europeans.

Another riddle: How exactly did M. leproma-
tosis end up in British red squirrels? The new
study shows that the strain infecting them
emerged within the past 300 years. One pos-
sibility is that rodents from the Americas—per-
haps gray squirrels—can harbor the disease,
and transmitted it to red squirrels after being
transported across the Atlantic Ocean. But
that’s just a guess.

Rascovan notes that knowing more about the
pathogen’s strains and reservoirs will ultimately
help scientists monitor and fight leprosy, which
still affects thousands worldwide. “The first line
in combating any disease is understanding its
epidemiology,” he says. [
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Studies making lasting
paradigm shifts are on the rise

New metric identifying “persistently disruptive” papers offers
a“bright spot” amid signs of declining innovation

JEFFREY BRAINARD

here are signs that innova-
tiveness has declined across
many scientific fields, but a
new study finds that ground-
breaking scientific research with last-
ing impact is on the rise. The study
found that the share of papers that
are “persistently disruptive”—a new
metric the authors developed—rose
about fivefold from 1900 to 2019.

“It’s a bright spot against the
backdrop of lots of evidence suggest-
ing innovation is getting harder,”
says Russell Funk, a sociologist at
the University of Minnesota Twin
Cities who co-authored a landmark
2023 study showing a decrease in
papers’ disruptiveness and co-wrote a
commentary accompanying the new
study. Understanding the common
features of persistently disruptive
research projects and the scientists
who conduct them could shed light
on “ways to really support scientists
and ease some of the barriers to
creating the most innovative work,”
he adds.

The new study, published last week
in Nature Computational Science,
builds on a nascent measure of schol-
arly innovativeness, dubbed “disrup-
tion,” that measures how much a
paper departs from a prior body of
knowledge. A highly disruptive paper
was originally defined as one that
subsequent papers cite without also
citing any of the works the original
paper references—a sign the paper
had broken with existing paradigms.

But An Zeng, a researcher in
systems science at Beijing Normal
University, was puzzled to see that
the total number of citations to
papers dubbed disruptive isn’t always
high, as one might expect if they
contained bold, trailblazing ideas.

In the new work, he and his col-
leagues sought to identify these truly
groundbreaking papers using the
new measure, persistent disruption,
which relies on two criteria. First, a
paper must be highly cited without

the works it references—the same
premise behind the original disrup-
tiveness metric—but the new method
takes a more fine-grained approach
to better distinguish breakthroughs
from incremental advances. Second,
later papers that reference the citing
papers must often cite the paper in
question, a sign that it has staying
power.

After looking at more than 100 mil-
lion scholarly publications appearing
from 1800 through 2019 and tracking
citations for up to 10 years after a pa-
per was published, the authors found
some 3.6 million papers that scored
highly on the twin dimensions—they
disrupted their intellectual forebears
but were not themselves disrupted
by their successors. These papers
received a whopping 1637 citations
on average. “It’s quite hard to get into
this group” of persistent disrupters,
Zeng says.

Such papers have doubled as a pro-
portion of the literature since 2000,
the researchers found. That result
does not contradict previous findings
that the share of papers that are
disruptive has broadly declined, Zeng
says. But, “For those papers that do
disrupt previous work, they are more
likely to be adopted by future work
nowadays.” A possible explanation
is that the quality of the disruptive
work may be improving, he suggests.

High persistent disruption scores
are also correlated with other
measures of originality, including rec-
ognition by Nobel Prizes, the authors
found. The work of Chen-Ning Yang—
who shared the 1957 Nobel Prize in
Physics for a discovery that a physical
law called the conservation of parity
is violated during certain nuclear
reactions—is a case in point. The older
method of calculating disruptiveness
ranks his work below that of another
“typical” scientist who produced about
as many papers (whom Zeng’s paper
did not name). But the new measure
shows more of Yang’s papers were
persistently disruptive—less readily
“overtaken by later developments”
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than this other scientist’s works. The
new study also found that large teams
of scientists disproportionately pro-
duce persistently disruptive papers:
Teams with 10 members produced
them at twice the rate of teams with
only three members.

The new paper is “elegant” and
offers a new way to look at how
scientific ideas evolve and some
come to dominate a field, says Yiling
Lin, a Ph.D. student in information
science at the University of Pitts-
burgh who has studied disruptive-
ness. She cautions, though, that
Zeng’s measure may be biased, even
more so than the original one, by
the uneven distribution of citations,
with some “star” papers drawing
disproportionately many. What'’s
more, Zeng’s finding of a rising
incidence of “persistently disruptive’
papers may be explained not just by
an increase in innovative ones, but
by a rising tendency of papers citing

”

them to build on or consolidate their
findings, Lin says. “I think it’s still

at an early stage before we can come
to the conclusion what is the best
measure of disruption.”

There’s no formula for determining
the optimal balance between disrup-
tive research and work that builds
incrementally on previous findings,
Zeng says. For example, the discovery
in 2016 of cosmic gravitational waves
by researchers using the Laser Inter-
ferometer Gravitational-Wave Obser-
vatory confirmed elements of Albert
Einstein’s century-old general theory
of relativity. The discovery was rec-
ognized by a Nobel Prize—and was a
breakthrough even though it doesn’t
count as disruptive, Funk says. But to
address challenging problems such as
improving sustainability, adapting to
climate change, and reducing income
inequality, Funk says, “You might
want much higher levels of disrup-
tion” than exist today. [J

The National Science Foundation (NSF) tried—and failed—to prevent
staffers from gathering last week to snap a photo celebrating the
besieged agency's 75th anniversary. There were no signs protesting
moves by President Donald Trump'’s administration to terminate
NSF grants, push out workers, and seek cuts to the agency’s budget.
“We just wanted to show our appreciation for [what] NSF has funded
over the years,” says one organizer, who requested anonymity. But
NSF officials apparently saw it differently. “This is not an agency-
supported event and we can't provide any resources,” a senior NSF
manager wrote to the organizers. Even so, more than 250 staffers
gathered during their lunch break on 20 May to express support for
an agency facing an uncertain future. —Jeffrey Mervis

-
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California
hummingbirds
are evolving fast—
because of feeders

Beaks have grown longer and larger,
and ranges have expanded to follow
the feeders RACHEL NUWER

ummingbird feeders are a beloved

pastime for millions of backyard

birders and a convenient din-

ing spot for the birds. But for the
Anna’s hummingbird, a common species in the
western United States, feeders have become a
major evolutionary force. According to research
published last week in Global Change Biology,
artificial feeders have let the birds expand their
range out of Southern California up to the
state’s northern end, while also driving a trans-
formation of the birds themselves. Over just a
few generations, their beaks have dramatically
changed in size and shape.

“They seem to be moving where we go and
changing quite rapidly to succeed in their new
environments,” says Nicolas Alexandre, a co-lead
author who conducted the work when he was a
graduate student at the University of California,
Berkeley and is now a geneticist at Colossal
Biosciences, a biotechnology company based in
Dallas. “We can think of Anna’s hummingbird as
a commensal species, similar to pigeons.”

Carleton University behaviorist Roslyn Dakin,
who wasn’t involved with the study, adds that the
paper beautifully shows “evolution in action.”

It’s unclear when the earliest hummingbird
feeders appeared. A 1928 National Geographic
article provided instructions for DIY feeders to
observe hummingbirds, but the technology likely
existed earlier. What is clear, though, is that
hummingbird feeders took off after World War
II. When Alexandre and his colleagues mined the
text of newspaper archives dating back to 1880,
they found that ads for feeders proliferated after
the first patented one appeared in 1947.

To test how Anna’s hummingbirds responded
to the uptick in feeders, the researchers turned
to the Audubon Christmas Bird Count, an
annual birding survey. Data from the survey
showed which of California’s 58 counties the bird
inhabited from 1938 to 2019. U.S. Census records
indicated human population density in these
same areas, while newspaper ads for feeders
served as a proxy for feeder density. In addi-
tion, the team analyzed hummingbird museum
specimens in 2D and 3D to quantify changes to
their beaks over time. Finally, they built a model
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for predicting hummingbird range
expansion that incorporated both
artificial feeders and other factors,
such as the locations of introduced
eucalyptus trees, which can provide
nectar throughout the year.

The researchers’ findings suggest
eucalyptus trees—which were planted
en masse in California in the late
1800s—might have served as the first
steppingstone for some populations
of Anna’s hummingbirds to expand
their ranges. But hummingbird feed-
ers played the biggest role in driving
the hummingbird’s northward
population growth. “The feeders are
what really make the difference here,”
says senior author Alejandro Rico-
Guevara, an evolutionary biologist at
the University of Washington.

The northward expansion of Anna’s
hummingbird was already known,
says Catherine Graham, an ecologist
at the Swiss Federal Institute for For-
est, Snow and Landscape Research,
but the exact mechanisms driving it
weren’t. She says the new paper stands
out as “impressive” because of the
detailed explanation it offers.

The researchers also found that as
feeders proliferated, Anna’s hum-
mingbird beaks got longer and larger,
which may reflect an adaptation to
slurp up far more nectar than flowers
can naturally provide. Developing a
bigger beak to access feeders “is like
having a large spoon to eat with,”
Rico-Guevara says.

This change was more pronounced
in areas where feeders were dense. But
in birds that lived in colder regions
north of the species’ historical range,
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the researchers spotted the opposite
trend: Their beaks became shorter and
smaller. This finding also makes sense:
The researchers used an infrared
camera to show for the first time that
hummingbirds use their beaks to
thermoregulate, by dissipating heat
while they are perched. A smaller
beak has less surface area—and would
therefore help conserve heat.

It wasn’t just the size and shape of
beaks that changed. In areas where
feeders are dense, male humming-
birds have also developed beaks that
are pointier and sharper than usual.
Pointy beaks in hummingbird species
often indicate aggressiveness, and the
researchers think male skirmishes
over feeder control may have made
these birds feistier. “Anyone who has
a feeder knows that hummingbirds
fight like crazy,” Rico-Guevara says.

The most surprising finding,
though, was how quickly these
changes took place. By the 1950s, hum-
mingbirds were noticeably different
from those of the 1930s: a time span
of only about 10 generations of birds,
Alexandre says.

Dakin says the study adds nuance to
our conception of humans as an evolu-
tionary force. Often, researchers think
of humans as exerting selective pres-
sures through environmental damage
or deliberate domestication. But as
with Anna’s hummingbird, “I think
we’re going to find more and more
examples of contemporary and subtle
changes,” she says, “that we’re shaping,
indirectly, in many more species.” []

Rachel Nuwer is a science writer in Brooklyn.

KENT REDFORD

SPARE A THOUGHT FOR MICROBES

Could endangered bacteria such as
Bacillus coahuilensis, found in the
salt-rich lagoons in Mexico's Cuatro
Ciénegas valley, one day be afforded

the same protections as threatened
animals and plants? That's the hope of a
multidisciplinary group of scientists and
conservationists who met at the Scripps
Institution of Oceanography last week

to discuss forming a microbe specialist
group to advise the International Union
for Conservation of Nature ahead of

its World Conservation Congress in
October. Science spoke with conservation
biologist Kent Redford, who co-organized
the meeting last week, about why
conservation of microbes matters. The full
interview is at https://scim.ag/RedfordQA.

Q: How do you conserve an individual

species of a microbe?

A: | don't think you do that for individuals.
Take the cryosphere—in the ice, snow, and
under-the-sea ice. Unless we can change
the trajectory the climate is on, we're
going to lose most of life in the cryosphere.
What we could do is create a bank that
takes samples and preserves them for a
time when we may be able to reverse the
climate trajectory and we can reintroduce
some of these.

Q: But microbe numbers are so vast. That’s
an enormous expense. Who is going to pay?
Where are you going to store this stuff?

A: | don't know the answer, but there is
the statement that has been made at
this meeting that storing portions of
microbe genomes digitally may be an
important strategy. You don't have to
keep something alive. This is a strategy
that has not been thought about in the
conservation world before, and it's super-
interesting and exciting.

Q: What action do you want to see come

out of the World Conservation Congress?

A: It would be wonderful to see this group
develop a list of places that are valued
for their microbes, like Cuatro Ciénegas,
the hot springs of Yellowstone, and
hydrothermal vents in the deep ocean.
That would be a way of getting people to
say, “Whoa, what?" —Jon Cohen
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SLEEPING EASIER

A new pill could allow
some people with
obstructive sleep
apnea (OSA) to shed
the cumbersome
mask they must wear
to bed. People with
OSA stop breathing
dozens or hundreds
of times during the
night, causing their
blood oxygen to

drop before they
subconsciously awake,
and the disorder
comes with long-
term risks including
stroke, Alzheimer's
disease, and sudden
cardiac death. Many
rely on burdensome
continuous positive
airway pressure
machines that blow
air into the throat to
keep their airways
open, but the results
from a large clinical
trial, released last
week by the company
Apnimed, suggest
that a medicine called
AD109 could also
work. Participants
who took the pill—a
combination of

the medications
atomoxetine and
aroxybutynin—
nightly for 6 months
experienced 56%
fewer instances
during sleep where
their breathing grew
shallow or ceased
compared with those
on a placebo, and 22%
of the treated patients
achieved complete
control of the
disease. Together, the
medications stimulate
the muscles critical
to keeping the throat
open. —Meredith
Wadman
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The Lenghu observatory in
China’s Qinghai province may
soon be getting a big addition.

ASTRONOMY

A giant telescope shrouded in mystery

China is readying to build one of the world'’s largest telescopes—
but only scant details have emerged RICHARD STONE

igh on the Tibetan Plateau, China

appears to be laying the ground-

work for what will be the largest

optical telescope in the Northern
Hemisphere—and perhaps briefly, in the world.
But to the puzzlement of some astronomers,
China has been keeping a tight lid on plans for
its 14.5-meter Large Optical Telescope (LOT),
with only glancing references in a handful of
abstracts and Chinese media reports.

“As far as I can tell, it’s real. And it will cer-
tainly put China in the big leagues,” says Robert
Kirshner, a cosmologist at Harvard University
and executive director of the Thirty Meter
Telescope, one of two massive U.S.-led optical
telescopes undergoing design review and at
least a decade away from first light.

The National Astronomical Observatories
of China (NAOC) is racing to have the LOT up
and running as early as 2030, according to a
Chinese astronomer who requested anonymity
because he is not authorized to speak about the
project. It will be the crown jewel of NAOC’s
newest astronomical aerie: Saishiteng Moun-
tain, a 4500-meter peak east of the town of
Lenghu in Qinghai province that hosts other
cutting-edge telescopes.

In November 2024, NAOC announced a
$22 million contract to build the LOT’s dome.
But NAOC and the lead institute on the LOT,
the Chinese Academy of Sciences’s Nanjing In-

stitute of Astronomical Optics and Technology,
have not released details, for example, on the

design of the mirror, other than that it will ob-
serve at both optical and infrared wavelengths.

Purchase orders on NAOC’s website suggest
the LOT will have a variety of instruments that
would allow it to tackle a range of targets, much
like the twin 10-meter W. M. Keck Observatory
telescopes in Hawaii. With its larger aperture,
LOT’s discovery potential—its light-gathering
power and spatial resolution—would be about
four times that of the Keck telescopes, the largest
in the United States.

The 39-meter Extremely Large Telescope
(ELT) being built by the European South-
ern Observatory in Chile’s Atacama desert
will almost immediately eclipse the LOT
in size. Originally slated for completion in
2018, the $1.5 billion ELT is now expected to
see first light in March 2029, with scientific
observations—which could include studies of
Earth-like worlds around other stars—to com-
mence at the end of 2030.

Still, Kirshner calls the LOT “a wake-up call
for American science.” With plans for giant tele-
scopes moving slowly, he fears U.S. leadership
in ground-based optical astronomy is slipping
away. “I don’t mean to scare people, but we re-
ally need to get moving,” he says. [J

With reporting by Dennis Normile and Bian Huihui.
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China sets out to sample an unusual asteroid

Kamo'oalewa, a rare quasi-satellite of Earth, could be a chunk of the Moon DENNIS NORMILE

ollowing its successes retriev-
ing lunar samples from both
the near and far sides of the
Moon, China is planning an
encore, sending a probe to snatch ma-
terial from a near-Earth asteroid.

The target of the Tianwen-2 mis-
sion, which is expected to launch this
month, is 469219 Kamo‘oalewa. It is
one of just seven asteroids that fall
into a little-understood class known
as quasi-satellites of Earth—and it
could also be the first known asteroid
comprised of lunar material. That
hypothesis could be confirmed by
laboratory studies of fragments col-
lected by Tianwen-2, which are due to
be returned to Earth about 2.5 years
after launch.

“This is an ambitious mission to
explore a fascinating object,” says
astrophysicist Amy Mainzer of the Uni-
versity of California, Los Angeles.

Kamo‘oalewa was discovered in
2016 by the Pan-STARRS 1 telescope
on Haleakala in Hawaii. It travels
in a highly elliptical solar orbit and
appears to terrestrial observers to
be alternately leading and trailing
Earth, giving the impression it orbits
Earth. Kamo‘oalewa has been in its
current orbit for about 100 years and
will likely remain there for another
300, according to a study by brothers
Rail and Carlos de la Fuente Marcos,
both of the Complutense University
of Madrid. Shifting orbits are typical
of quasi-satellites, and Kamo‘oalewa
roughly means “oscillating celestial
fragment” in Hawaiian.

China set its sights on
Kamo‘oalewa because of its unusual
orbit, unknown origin, and unde-
termined characteristics, planetary
scientists Li Chunlai and Liu Jianjun
of China’s National Astronomical
Observatories wrote in an email. The
mission “could potentially answer
questions about the origin of Earth’s
quasi-satellites and the evolution of
their orbits,” they wrote.

After China announced the mis-
sion in 2019, further studies made
Kamo‘oalewa even more interesting.
When University of Arizona plan-
etary scientist Benjamin Sharkey
and colleagues observed the asteroid
with the Large Binocular Telescope,
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located in Arizona, it detected a
very atypical spectrum, or pat-
tern of reflected light. It suggests
Kamo‘oalewa is made up of silicates
resembling those found in Apollo
lunar samples. The asteroid might
have been ejected from the Moon’s
surface as the result of a collision
with some object, Sharkey and his
team wrote in Communications
Earth & Environment in 2021.

Intrigued by that scenario, Tsinghua
University planetary scientist Cheng
Bin and colleagues ran simulations
that indicated the Moon’s Giordano
Bruno crater had the right location,
size and age to have been a potential
source, the group reported in Nature
Astronomy in 2024. Models can’t
prove a lunar origin, Sharkey says.
But analyzing fragments in a lab
could “settle the question definitively;”
Mainzer says.

Getting samples will be a chal-
lenge. Kamo‘oalewa, which is 40 to
100 meters across, is far smaller than
asteroids targeted by the three prior
sample return missions—Japan’s

IN FOCUS

Invasive species

two Hayabusa probes and NASA’s
OSIRIS-Rex. It also rotates faster:
every 28 minutes. Tianwen-2 will first
hover over the asteroid and extend a
robotic arm to probe surface condi-
tions and collect weathered particles.
Then it will deploy a pair of rotating
brushes to sweep up fragments and
use a stream of gas to blow them into
a container. It might also attempt to
extend three legs and land, using a
claw to hold the asteroid while the
sample collector does its job.

If Kamo‘oalewa does prove to be a
Moon fragment, “it would let us test
our knowledge of impact physics and
ejection against a major cratering
event,” Sharkey says. And even if it
isn’t, the samples could reveal unfore-
seen secrets, Li and Liu say.

If all goes well, Tianwen-2’s mission
won’t end at the asteroid. Next, it will
head out on a 7-year voyage to comet
311P/PANSTARRS, where it will search
for clues to the origins and evolution
of the early Solar System. []

With reporting by Bian Huihui.

rack up massive bill

The economic damage caused by the
planet's most notorious invasive species
is 16 times greater than previously esti-
mated, according to a study published
this week in Nature Ecology & Evolution.
Researchers gathered existing cost
estimates for 162 invasive species—from
plants that damage infrastructure to
pests that destroy crops—then extrapo-
lated the costs to other parts of the world
where those species have been spotted
but where damage hadn't been calcu-
lated. By modeling the potential scope

of the invasions and using economic
indicators, the team estimates that these
species have inflicted $2.2 trillion in
damages over the past 6 decades. The
European rabbit (pictured) was among
the most economically destructive, cost-
ing $57 billion. —Warren Cornwall

NEWS
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THE ORGAN FARM

Gene-edited pig kidneys are finally moving the long-stymied field of xenotransplantation forward

JON COHEN

906

n 8 January, a 66-year-old retiree in
New Hampshire named Timothy
Andrews sent a Facebook Messenger
note to a 53-year-old stranger in New
York City, Towana Looney, with an
unusual question. He wanted to know
how her new pig kidney was doing.
Six weeks earlier, surgeons at New
York University (NYU) Langone Health
had made international news when
they gave Looney the organ from
a pig genetically altered so its tissues
would be less likely to be rejected

by her body. Andrews himself was
2 weeks away from receiving a similar,
engineered pig kidney. “There’s
one person on the planet that has one,
and I'm going to talk to her,” he told
his doctors at Massachusetts General
Hospital (MGH). “I was just curious
if there was anything different, what
she felt about it.”

Andrews and Looney both had kid-
ney failure and had relied on dialysis
to cleanse their blood, a procedure

that sustains life but stresses the heart.

Surgeon Robert Montgomery
holds the gene-edited pig kidney
that Towana Looney received.

Human Kkidney transplants routinely
free people from spending hours a
week on dialysis machines. But the
waiting lists for the organs are long,
and for biological reasons both Looney
and Andrews were poor candidates for
a human Kidney. In his Facebook mes-
sage, the former supermarket manager
commended Looney, a former cashier
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at a Dollar General discount store,

for her bravery. Understanding her
journey, he said, would help him with
his own. They became fast friends and
she eased his anxiety about the pig
organ. “I learned it was working for
her;” Andrews says.

Attempts to provide humans
with animal organs—known as
xenotransplantation—date back more
than a century, a history marked by
hype and dashed hopes. As surgeon
Norman Shumway, who helped
pioneer human-to-human heart
transplants, quipped 2 decades ago,
“Xenotransplantation is the future—
and always will be.” But because
of recent advances in gene editing,
cloning, and immunosuppression, and
major investor backing, many veteran
researchers are increasingly confident
that future is nearly here.

At the time Andrews reached out to
her, Looney’s kidney was pumping out
copious amounts of urine—a sign it
was working—and her medically sup-
pressed immune system appeared to
be adjusting to the porcine guest. The
NYU Langone doctors had released
her from the hospital, but instead of
returning to her home in Alabama,
Looney stayed in a New York City
apartment so they could closely moni-
tor her health.

Andrews received his own kidney
on 25 January, the same day the Asso-
ciated Press celebrated a milestone for
Looney: “The only person in the world
with a functioning pig organ is thriv-
ing after a record 2 months,” the story
read. Four other people had received
kidneys or hearts from genetically
modified pigs, and none had survived
longer than 60 days.

On 13 February, Looney’s kidney
was functioning well when Science
met her in an Upper East Side apart-
ment building. “I haven't felt this good
since high school,” she said, beaming.
“My dream is when you walk into a di-
alysis clinic, I want a sign to say, ‘Have
you ever thought about getting
a xenotransplant?’”

That same month, the U.S. Food
and Drug Administration (FDA)
paved the way for Looney’s vision
when it gave a green light to a bona
fide clinical trial of xenotransplanta-
tion—a first—by United Therapeutics,
the parent company of Revivicor, a
biotech that created Looney’s kidney.
After a series of one-off transplants
like hers, the trial offers the com-
pany a regulatory path to prove the
worth of its pig kidneys and then sell
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them. Later this year, eGenesis, which
provided Andrews’s kidney, plans

to seek FDA approval for its own
trial. A Chinese company, ClonOrgan
Biotechnology, also has an aggressive
gene-editing program in pigs, and

an unidentified 69-year-old woman
received one of its kidneys in March.

Many leaders in the small xeno field
say this is the year pig organs will
demonstrate, convincingly, that they
can help alleviate the dire shortage of
human organs available for transplant.
“We are at a tipping point now;” says
MGH surgeon David Cooper, who
began doing pig-to-baboon transplants
in 1985 and has worked with both Re-
vivicor and eGenesis. “What we need
now is one or two patients, say, with
a kidney transplant, who do well for
several months or a year—or longer.”

The need is pressing. In the United
States alone some 90,000 hoped to get
kidneys last year, nearly 10,000 wanted
livers, and another 3500 needed a do-
nor heart. But among xeno researchers
there remain conflicting ideas about
the ideal pigs to use, the most impor-
tant edits to make to their genomes,
and the best way to prevent the human
immune system from attacking its
porcine interloper. “At this point, there
are a lot of open questions that haven’t
been answered,” says David Sachs, an
immunologist at MGH and Columbia
University whose interest in xeno-
transplantation dates back to 1971.

The field is also prone to showman-
ship and bad blood. Although many
of the field’s researchers have collabo-
rated, the intense media attention
these bizarre-sounding experiments
receive fuels enmities between star
surgeons and can be unsettling
for patients.

The latest twist illustrates how the
field often takes two steps forward,
one back. Not long after Looney spoke
with Science, her pig kidney failed for
reasons that are still unclear. Her sur-
geons removed it, and she’s once again
on dialysis—although she remains a
candidate for a second pig kidney.
Andrews, for now, is still doing well
with his foreign helper.

“WIZARD SURGEON PLANS RENEWING
ALL VITAL ORGANS,” blared a Chicago
Tribune headline on 20 June 1922.
Serge Voronoff, the breathless report
from Paris declared, had made “the
startling discovery” that he could “re-
juvenate” humans with transplanted
“glands” from chimpanzees—these in-
cluded testicles—and he was moving

on to transferring every organ. “I can
push back a man’s age 20 or 30 years,
making his faculties more vigorous,”
boasted Voronoff, a Russian who had
relocated to France.

More than a decade earlier, two
other surgeons in Europe had at-
tempted to transplant monkey, goat,
and pig kidneys to the arms and
thighs of people who had chronic
renal failure. Even earlier, physicians
had experimented with tissue, bone,
and cornea grafts from animals. But
it was Voronoff who brought xeno-

transplantation world renown—and,
as increasing numbers of doctors
scrutinized his results and dismissed
them as chicanery, ridicule.

Human-to-human organ transplants
had a slower start. A Soviet surgeon
performed the first one in 1933—but
the kidney failed, and the patient
quickly died. At the time, surgeons
understood only dimly that a person’s
immune system rejects organs from
other people unless they’re a close
genetic match to the recipient. But
in the 1950s, Boston surgeon Joseph
Murray and colleagues succeeded in
transplanting one of a man’s kidneys
to his identical twin, who was in renal
failure. The brother went on to marry
one of his nurses, have two children,
and live for eight more years.

Few people needing a Kidney have
an identical twin. But because healthy
donors can spare a kidney, surgeons
gradually learned how to match many
living donors to recipients, often seek-
ing donations from siblings. They also
found ways to dampen the immune
responses that attack the organs.

In 1962, Murray showed that kid-
neys from a recently deceased person
could also work, creating another, now

Towana Looney’s
xenotransplant
functioned

for 130 days,

a new record.
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As with other
xenotransplant
patients, Towana
Looney required
many medicines after
surgery to stave

off immune rejection
of her new organ and
infection from the
immunosuppression.
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routine, source of organs. He won a
Nobel Prize in 1990 for his pioneer-
ing work. And as human kidney
transplants became more successful,
demand soon outstripped supply.
Xenotransplantation re-emerged
as a possible solution to the short-
ages in 1963 when Keith Reemtsma,
a Tulane University surgeon who had
been experimenting with transferring
organs between lab animals, began
transplanting chimpanzee kidneys
into people. (Chimps, an endangered
species, are no longer used for any

"

invasive biomedical research.) “I feel
fine, practically good as new;,’
Reemtsma’s first xeno patient said at
a press conference after his surgery.
“I will outlive you all.” He died
3 weeks later. But one woman lived
9 months, even returning to work as
a teacher. Joe Tector, a liver trans-
plant surgeon at the University of
Miami who has been doing xeno-
transplantation studies for 2 decades,
says the transplant team got “lucky.”
Then in 1984 came one of the
field’s highest profile, most scru-
tinized failures: the transfer of
a baboon heart at Loma Linda
University Medical Center to “Baby
Fae” Born with a deformed heart
condition that is nearly always fatal
within 1 month, Baby Fae lived with
the baboon organ for 20 days, under
the media spotlight the entire time.
The experiment was assailed by
animal rights activists, bioethicists
concerned about the consent pro-
cess, and legal scholars appalled by
a minor being subjected to such a
high-risk experiment. The surgeon,
Leonard Bailey, was once advised to
wear a bulletproof vest before giving
a public talk about the operation.

Eight years later, Thomas Starzl at
the University of Pittsburgh trans-
planted a baboon liver into a gravely
ill 35-year-old man who had both HIV
and hepatitis B infections and had
been refused a human liver elsewhere.
Starzl, famed for having pioneered
human liver transplants, had de-
cades before tried baboon kidneys in
humans and failed. The man went into
a coma shortly before the June 1992
xenotransplant, but in a hopeful sign,
he was eating and walking 5 days later.
Animal rights activists gathered out-
side the hospital and protested against
“Dr. Frankenstarzl.”

The patient died 70 days after the
surgery because of problems un-
related to organ rejection. Still, his
death had long-lasting consequences.
“The excitement around the future of
xenotransplantation died with him,”
wrote Richard Horton, editor-in-chief
of The Lancet.

PART OF THE OPTIMISM that led
Bailey and Starzl to attempt these
high-risk xenotransplants came
from powerful new immunosuppres-
sive drugs, first cyclosporine and
then tacrolimus. Indeed, after the
introduction of cyclosporine, which
FDA approved in 1983, rejections

of human organ transplants plum-
meted, and they became so popular
that the first major registries formed
to match people in need with living
and deceased donors.

The success of the drugs also at-
tracted deep-pocketed pharmaceutical
companies to xenotransplantation,
despite the discouraging outcome of
Starzl’s attempt. One Wall Street ana-
lyst predicted it would be a $6 billion
market by 2010. At the same time, the
field shifted away from using monkeys
as the source of organs to pigs. Not
only were swine far easier to breed
and handle, but they also raised fewer
ethical issues, and they cost less. Pig-
to-monkey xenotransplants provided a
helpful animal model to test ideas, too.

Firms started to genetically engineer
pigs to prevent rejection and test their
organs in monkeys in the 1990s. Still,
progress was slow. “You have to be
patient, patient, patient, patient, and
you need guts,” says Bruno Reichart,

a retired surgeon in Germany who
started in the field 35 years ago and
recently co-founded the company
XTransplant. And then came a flash-
ing red light. A 1997 report in Nature
Medicine showed that remnants of
ancient retroviruses that had colonized

the pig genome could infect lab-grown
human cells. The threat that a xeno-
transplant could infect humans with
these porcine endogenous retroviruses
(PERVs) sent the field into a tailspin.
Attacks by animal rights groups,
the growing alarm around mad cow
disease, and opposition to genetically
modified organisms (“Frankenswine”)
also discouraged investors.
Immunologist Corinne Savill, who
led a xeno program for Novartis,
said the risks became too high for
the company. “What if in doing this
you basically started the world’s next
pandemic?” she asks. Savill, now an
executive at Cullinan Oncology, says
there was a more formidable impedi-
ment still. “The immunology, the sci-
ence, is just really hard, and it wasn’t
as if at that time you had something

9

that said, ‘Hey, it works.

IN THE WINTER, the winding road that
leads to Revivicor’s main pig farm in
rural Virginia has beautiful views of
snow-covered hills. But imperceptible
“black” ice can coat this scenic byway,
making for a treacherous drive—

not unlike the journey to practical
xenotransplants.

This Blacksburg farm, which pro-
vided Looney’s kidney, helped reignite
the field more than 2 decades ago
when it belonged to a company called
PPL Therapeutics, which famously
helped clone Dolly the sheep in the
United Kingdom. PPL had overcome a
major impediment to xenotransplanta-
tion: In pig embryos, it knocked out
the gene for an enzyme that creates
the sugar molecule, or carbohydrate,
known in shorthand as alpha-gal, and
then cloned the offspring. Alpha-gal
studs the surface of pig cells, but those
of humans, other great apes, and old-
world monkeys don’t make it because
all the species have an inactivated
gene for the enzyme. So when our im-
mune system sees alpha-gal on a xeno-
transplant, it attacks. Within 24 hours,
a massive antibody assault can lead to
what’s called hyperacute rejection, the
béte noire of the transplant field.

Knocking out alpha-gal solves that
problem. But when researchers put
alpha-gal knockout organs from pigs
into monkeys, other hurdles popped
up. “Once we’d inactivated the alpha-
gal gene, it’s like peeling an onion—all
of a sudden, you learn what else you
need to do in order to modulate the
animal to eliminate rejection,” says
molecular geneticist David Ayares,
who spun off Revivicor—and got the
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Blacksburg farm—in 2003 when PPL
was heading for bankruptcy. “It was
taking too long for them to get a re-
turn on investment,” Ayares says.

Revivicor would conclude that its
ideal pig would need far more edits
than the alpha-gal knockout, but it
began to run out of money itself. In
2011, when Revivicor only had
2 months of funding left in the bank,
United Therapeutics came to the
rescue. Martine Rothblatt, an entre-
preneurial lawyer who started Sirius
Satellite radio in 1990, had originally
launched the company to develop
drugs to help her young daughter,
Jenesis, survive a deadly pulmonary
disease that can require a risky lung
transplant. By 2001 Rothblatt had
developed a new interest, xeno-
transplantation, even earning a Ph.D.
on ethical issues surrounding it. With
its purchase of Revivicor, “United
Therapeutics saved the field,” Ayares
says. Revivicor’s competitor, eGen-
esis, “never would have even started
if Martine had not demonstrated that
this was a viable endeavor.”

Revivicor not only had ample fund-
ing, it could soon take advantage of a
new gene-editing tool, CRISPR. Two

decades ago, knocking out a gene was
an inefficient, multistep process, but
CRISPR now allows scientists to edit
animal genes with relative ease. At the
farm, Ayares picks up a 2-month-old
piglet that has the same edits as the
animal that supplied Looney’s kidney.
“This has 10 genetic modifications:
four pig genes inactivated and the ad-
dition of six human genes to modulate
immune rejection,” he explains.

After identifying the alpha-gal
problem, researchers discovered two
other carbohydrates on pig cells that
kick human immune systems into
overdrive: an Sd antigen—named after
a man named Sid, who supplied the
antibody sample that found it—and
one known in shorthand as Neu5Gc.
Nearly every xeno strategy being
pursued by companies today knocks
out all three genes needed to produce
these carbohydrates.

The fourth knockout in Revivicor’s
pigs cripples their growth hormone
receptor. Without that modification,
they could grow to 300-plus kilograms,
and their organs—which are “har-
vested” when they’re about 6 to
8 months old—might continue to grow
in humans. In contrast, eGenesis,
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Xeno’s checkered history

Efforts to transplant animal organs into people—
xenotransplantation—date back more than a century, but have
been marked by failure after failure. Progress in human-to-
human transplants, coupled with improved immunosuppressive
drugs and gene-editing advances, have prompted new
enthusiasm for xeno. Still, success remains far from certain.

Transplants
O Animal to human
O Human to human

O Research breakthroughs
and U.S. Food and
Drug Administration
(FDA) approvals

1920 9 1920-30 Serge Voronoff
popularizes transplanting
monkey and chimp
gonads into people.

1940

1954 In first organ transplant
success, Joseph Murray gives
kidney from one identical

twin to another. 1961 Murray succeeds with

o first kidney transplant
between unrelated people,
using immunosuppression.

1960 o

O 1964 Keith Reemtsma
transplants chimp kidney
into patient who lives

9 months; Thomas Starzl
transplants baboon
kidneys into six people.

1967 First successful human O
kidney transplant, by Starzl;
first human heart transplant,
by Christiaan Barnard

1980 1983 Immunosuppressive
1984 “Baby Fae” survives 8 drug cyclosporine

20 days after approved by FDA.
getting baboon heart.
1991 Pig alpha-gal o
molecule recognized as
major rejection trigger. oo
o 1997 Pig viruses (PERVs)
found to infect human cells.
2000
O 2002 Gene editing creates
pigs without alpha-gal.
2017 CRISPR and cloning
used to create pigs with
inactivated PERVs. 2021 Gene-edited pig

hearts and kidneys tested
in brain-dead people.

2020 A,
November 2024 <_|
2022 David Bennett

to March 2025 receives gene-edited pig
events below -
heart (Revivicor).

O November 2024
Towana Looney receives
gene-edited pig kidney,
which lasts a record

January 2025 130 days (Revivicor).
Timothy Andrews i
rec.eives gene-edited February 2025
kidney (eGenesis). FDA approves first
O Xenotransplant
March 2025 trials, using
Woman in China receives Revivicor kidneys.

gene-edited pig kidney O
(ClonOrgan).
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Revivicor’s David
Ayares holds a
piglet with

10 edited genes
(top); a company
researcher
removes DNA from
a pig egg (bottom)
as part of the
cloning process
used to breed the
edited animals.
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ClonOrgan, and XTransplant leave the
growth hormone receptor intact and
get around the growth problem by us-
ing miniature pig breeds.

The human genes that companies
add to the pigs aim to dampen other
immune responses (see table, p. 911).
Two attempt to shut down the “com-
plement cascade,” in which proteins in
the blood activate each other to crank
up inflammation and other immune
responses. Two others tame inflamma-
tion-triggered blood coagulation and
thrombosis, one reduces inflammation
itself, and one prevents the pig organs
from sparking an “eat me” signal that
instructs a person’s phagocytes, a type
of immune cell, to gobble foreigners.

No two xeno companies target the
same set of genes, because nobody
knows what will keep a pig organ
healthy in a person. “There are so
many other antigens in the pigs that
we are not worried about at the min-
ute that we should be worried about,”
Cooper cautions.

Xenotransplant teams are also still
experimenting with different cocktails
of immunosuppressive drugs that may
be crucial to long-term success. Unlike
Looney, Andrews has been receiving
a monoclonal antibody that inhibits

a human cell surface molecule known
as CD154, which plays a central role
in activating immune cells and may
drive the gradual formation of human
antibodies against pig antigens. “Anti-
CD154: is the key drug,” Cooper insists.
Transplants of edited pig organs
into monkeys suggest all this tinker-
ing will pay off—xenotransplant
survival in these animals is now mea-
sured in years, not months. Still,
Tector, who is engineering pigs with
his own company, Makana Thera-
peutics, contends that “no one has
the right pig yet.” The many gene
edits done to pigs so far only dampen
rejection, he says, and do not lead to
the real goal: full tolerance of the for-
eign organ. That, he says, will require
another round of edits to eliminate
what are known as swine leukocyte
antigens, or SLAs, which stud all pig
cells. SLAs allow a pig immune sys-
tems to distinguish self from nonself
but can ramp up human immune
rejection of transplanted organs.
Others, however, suspect further
gene edits and various drug cocktails
may not solve the tolerance riddle. “I
am skeptical that all these latest ge-
netic modifications are really needed,”
says Columbia University immuno-

logist Megan Sykes, a longtime col-
laborator of Sachs, one of the field’s
most experienced researchers. “The
only important one so far that I know
of is the alpha-gal knockout, and that
was done years ago.”

Sachs and Sykes have recently
shown that an organ with that gene
edit alone can survive remarkably long
if they add one other ingredient to the
transplant: a pig thymus. This gland
helps educate an animal’s immune
system—specifically, its maturing T
cells—to recognize self. A little bit of
pig thymus might tell human immune
cells to leave the new organ alone,
the pair theorized. “If you control the
T cell response, that’s the important
thing,” Sykes says.

At a transplantation meeting in
2023, they described putting an
alpha-gal knockout “thymokidney”—a
piece of the pig’s thymus grafted onto
a kidney—into baboons. It functioned
for more than a year with minimal
immunosuppressive drugs. Sachs
doesn’t claim full tolerance has been
achieved, however, and he is now
testing further gene edits with sup-
port from a company he co-founded,
Choironex. (The company is funded
by Pablo Legorreta, a pharma bil-
lionaire who has a child with kidney
disease.) Choironex expects to seek
FDA approval to test its pig kidneys
in humans later this year.

As for the PERVs that spooked
the field in 1997, only eGenesis at-
tempts to engineer them out of their
donor pigs. Using CRISPR, Harvard
University geneticist George Church,
a co-founder of the company, and his
team made 59 more edits to the DNA
of their pigs to inactivate PERV se-
quences. Other companies, including
Revivicor, say they can vastly reduce
the likelihood of potentially dangerous
PERVs in their pigs through screening
and breeding.

“There’s never been a transmission
to a human,” Ayares stresses, whether
to xenotransplant patients or to work-
ers in pig slaughterhouses. But Mike
Curtis, CEO of eGenesis, sees it differ-
ently. “If I was a patient and had the
choice between a fully retrovirally in-
activated porcine donor and one that
might carry retroviral risk, I know
which one I would take,” he says.

AFTER A LONG HIATUS, the new era of
xenotransplant experiments began in
September 2021 with transplants of
gene-edited pig kidneys into people
who were brain-dead but whose bod-
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ies were volunteered by their families
for tests of how the transplants
would fare.

NYU Langone’s Robert
Montgomery, who has a transplanted
human heart himself, was first,
transplanting an alpha-gal knockout
thymokidney, created by Revivicor
based on the pig-to-monkey studies
of Sykes and Sachs. Five days later,
Jayme Locke at the University of
Alabama at Birmingham (UAB) trans-
planted a 10-gene-edited kidney from
another Revivicor pig. The two teams
would do five more xenotransplants
between them in brain-dead people,
and other researchers in China and
Pittsburgh have done similar dece-
dent transplants of gene-edited pig
kidneys and livers.

Some saw the experiments as maca-
bre and pointless, but the researchers
involved say they yielded valuable
data on how the immune system
rejects xenotransplants. MGH nephro-
logist Leonardo Riella, who cares for
Andrews, says there was a sociological
benefit as well. “We didn’t know how
the public would react about trans-
planting a pig kidney into humans,”
Riella says. “The way it was accepted,
and how we saw patients actually very
excited about the news, that was
eye opening.”

‘What’s more, the UAB xenotrans-
plantation program that did the
decedent transplants helped pave the
way for Looney’s pig kidney. Launched
in 2016 with $19.5 million from United
Therapeutics, the program hired
Tector as its director and other leaders
in the field including Cooper. It built
a new, “designated pathogen-free” pig
facility nearby. And it was Locke who
met Looney at the beginning of her
search for a donor kidney.

After donating a kidney to her
mother in 1991, Looney 25 years
later suffered kidney failure herself
and started dialysis. Her prospects
for getting a donated human kidney
turned out to be poor. She had high
levels of antibodies against the tissue
of most other people, a phenomenon
sometimes seen in women who have
had multiple pregnancies, resulting in
prolonged exposure—via the fetuses—
to antigens from the fathers. So that is
how Looney moved to the front of the
line for a pig kidney.

Administrative changes at UAB,
ego clashes, and intellectual property
concerns all combined to sink its xeno-
transplant program by 2021. “It was a
terrible loss for Alabama,” Cooper says,
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“because they could be dominant in
the field now”

Instead, a team at the University of
Maryland on 7 January 2022 was the
first to transplant a gene-edited pig
organ—a heart—into a living person.
The man, David Bennett, was hospital-
ized for heart failure and required a
machine to oxygenate his blood. He
was told by several transplant centers
that he wasn’t a candidate for a hu-
man organ because he had a history of
not complying with medical advice. “It
was either die or do this transplant,”
Bennett said, the day before surgery,
in which he received a heart from a
Revivicor pig with its 10 edits. “I want
to live. I know it’s a shot in the dark,
but it’s my last choice.” He lived
60 days before he died from heart fail-
ure, which his surgeons said may have
in part been tied to inflammation from
a pig cytomegalovirus inadvertently
transmitted from the organ.

In September 2023, the team
transplanted a second pig heart with
the same edits to Laurence Faucette,
who was ineligible for a human heart
because of severe atherosclerosis and a
recent gastrointestinal bleed. Faucette,
who had been given little time to live if
he did not get a new heart, died
6 weeks later. “You start with a great
disadvantage with these patients,” says
Muhammad Mohiuddin, who co-led
the surgical team for both xenotrans-
plants and heads the International
Xenotransplantation Association.

The first living patients to receive
gene-edited pig kidneys similarly had
complicated medical histories. In
March 2024, MGH transplanted an
eGenesis kidney into a man who had
diabetes, hypertension, and previ-
ously received a human kidney that
failed. A month later, NYU Langone
gave a Revivicor thymokidney to a
woman who also had a mechanical
heart pump. Both died within
2 months, though doctors say the pig
organs were still functioning.

Locke in May 2024 received FDA
approval to do Looney’s transplant at
UAB. But with the demise of the xeno-
transplant program there, UAB would
not let her proceed. Montgomery, who
had been Locke’s mentor, took over
Looney’s care at NYU Langone.

Her transplant, done with Locke’s
assistance, took place on 25 Novem-
ber 2024. On it rode not just her own
hopes, but those of a burgeoning
industry. By moving into healthier
patients like Looney and Andrews,
the xeno companies are hoping to

finally have more success—and justify
their expanding investment in a field
that they contend will in the not-too-
distant future produce enough organs
for everyone in need.

IN A CHRISTIANSBURG, VIRGINIA,
industrial park about 25 kilometers
from the Revivicor farm, United
Therapeutics last year built a

$75 million facility dedicated to gene-
edited pigs. From the outside the
boxy building looks more like a drug
manufacturing plant than a farm. If
the company’s vision becomes a real-

Brave new pigs

Various gene-editing strategies aim to create pigs ]
whose organs will survive in a human body. Inactivating 8enes edited
pig genes or adding human genes can limitimmune

rejection or keep organs small, for example.

Xenotransplant company
XTransplant

Revivicor  eGenesis

KNOCKED-OUT PIG GENES INACTIVATE:
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Growth hormone
receptor

Porcine endogenous
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Total edits: 10

R

ity and its pig organs receive FDA ap-
proval, they will, in effect, be drugs.
As with all drug manufactur-
ing, sanitation is crucial: Pregnant
sows from the Blacksburg farm are
brought to an “introduction barn” at
the Christiansburg site to give birth
to their gene-edited piglets, which are
carefully screened for viruses before
they move into the pathogen-free
facility. Humans who then work with
the pigs wear personal protective
equipment and must shower before
and after entering. Elaborate systems
eliminate waste, purify water, and
constantly filter the air for the pigs.
“They drink cleaner water and are in
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Timothy Andrews (right), leaving the hospital after his xenotransplant, thanks Tatsuo Kawai, who led the surgical team.

cleaner air than the employees,” says
Aaron Orkin, who runs the facility.

The company is investing
$200 million more to build similar
pathogen-free facilities in Texas and
Minnesota. “We are envisioning mul-
tiple facilities with an organ output
of 2000 a year across the United
States, Europe, and Asia,” Ayares
says. eGenesis has two pig facilities of
its own that it predicts can produce
up to 1000 pigs a year.

Both companies still heavily rely
on cloning to replicate animals with
all the desired gene edits, because
edits can be lost in conventional
breeding. But cloning is slow and
expensive. “It will be very difficult to
produce several thousands of pigs” if
you rely on cloning, says veterinarian
and bioengineer Eckhard Wolf, the
lead scientist at XTransplant, which
is focusing on heart xenotransplants.

XTransplant and Choironex also
clone their pigs to start but then
rely on breeding the animals, which
maintain gene edits better because
they are so closely related. Similarly,
ClonOrgan only breeds within its
existing population of 500 gene-edited
pigs, says its founder Dengke Pan.
These pigs, he says, “can be used for
mass production and supply of clinical
xenotransplantation donor pigs, meet-
ing the needs of hospitals in China.”

A test of whether these investments
will pay off is imminent, as United
Therapeutics moves ahead with clini-
cal trials of Revivicor’s gene-edited pig
kidneys at NYU Langone and Johns
Hopkins University. If all goes well

with the first six patients, the clinical
trials can expand to 44 people at more
sites. FDA has defined the “primary
endpoint”—its criterion for success—as
a kidney still working at 6 months,
but it’s unclear what percent of trial
participants will have to hit that mark
to win the agency’s approval.

Beyond that hurdle lies the market.
Curtis of eGenesis says the ultimate
reception will depend on what the
pig organs will cost—the companies
haven’t released any public estimate,
but the bill will surely be steep at
first—and how much insurers and
government health systems will cover.
What patients and families consider a

successful outcome will also be crucial.

“We're not convinced a 6-month end
point is enough, but boy, it’s a great
target for [regulatory] registration,”
Curtis says. “Beyond that, I think
you’re going to have to show some
patients can go beyond 6 months.”

LOONEY, UNFORTUNATELY, didn’t
make it that far. Seventeen days after
the transplant, protein levels in her
blood rose, and a biopsy revealed
an antibody onslaught against the
kidney. To solve the problem, her
physicians repeatedly did a pro-
cedure called plasmapheresis that
pulls blood from the body, separates
the plasma and removes the anti-
bodies, then returns clean plasma
to the body. After plasmapheresis,
Montgomery says, “the antibody
never comes back.” But the immune
system has myriad actors, and
something else began to damage

Looney’s new organ in late March.

On 4 April, Looney had her pig
kidney removed. She had lived with
the xenotransplant for 130 days. “This
is really a victory,” Montgomery argues.
“If you had asked me a couple of years
ago whether we would be having this
level of success, I probably wouldn’t
have thought we would,” he said. Early
indications suggest the kidney may
have failed because an unrelated infec-
tion led doctors to reduce Looney’s
immunosuppressive drug, but the
ongoing studies should better clarify
what went wrong.

At the time, Anderson was hospi-
talized with an infection unrelated
to the xenotransplant. He since has
recovered and returned home. “I
know there are no guarantees, but
it is sobering to see it happened,” he
said about Looney’s xenostransplant
ultimately failing. “Two things I live
by now: It is what it is, and this is
what we signed up for,” he said. “I was
already committed to death with dialy-
sis, so it wasn’t that hard of a leap for
me,” Andrews added. “I did it knowing
that no matter what happened, I did
something for humanity.”

Six days after having her kidney
removed, Looney was back home and
having her hair dyed orange. Her
hairdresser posted a video of them
on Facebook in which she asked her
client what’s the word for the day?
“Blessed,” a smiling Looney said.

“And highly favored,” the

hairdresser said.

“And highly favored,” Looney
agreed. [
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CLIMATOLOGY

Social impacts of glacier loss

More than three-quarters of global glacier mass is projected to disappear under present-day policies

Cymene Howe'2 and Dominic Boyer!2

t is no secret that melting glaciers are a signal of climate dis-
ruption. According to the Intergovernmental Panel on Climate
Change, global ice loss is among the most certain indicators of
warming conditions (7). Earth has now entered a new period in
which glaciers are not simply retreating but are disappearing
altogether. However, long-term glacier mass loss is largely unquan-
tified owing to the lack of a comprehensive prediction model that
accounts for all glaciers and constraints. On page 979 of this issue,
Zekollari et al. (2) report the simulation of long-term glacier mass
loss using eight glacier evolution models, which estimated that only
24% of glacier mass will remain under present climate policies. This
finding underscores that short- and midterm glacier preservation ef-
forts could affect changes in global glacier mass over many centuries.
Zekollari et al. predicted the fate of glaciers based on 80 future cli-
mate scenarios and global temperature increases above preindustrial
levels. The authors estimated the global glacier mass and corresponding
global mean sea-level rise at equilibration—a steady state in which gla-
cier mass and geometry become stable. The results showed that under
the Paris Agreement (global mean temperature does not rise more than
1.5°C above preindustrial levels), 53% of the present glacier mass could
be preserved. Under existing climate policies, global mean temperature
is on track to reach 2.7°C above preindustrial levels and 76% of global
glacier mass is predicted to eventually disappear.
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Although these metrics of melting glaciers may look abstract, the
consequences of glacial loss have a variety of effects on natural and
social environments on a planetary level. Melting raises sea levels (3),
and affect water resources downstream (4) including their ecosys-
temic biodiversity (5). In addition, melting glaciers can compound
other natural hazards such as increasing the formation of icebergs
and accelerating permafrost erosion (6). They can also harm econo-
mic systems such as the tourism industry (7) and damage cultural
heritage. As impacts to the cryosphere accelerate, so, too, do social
repercussions. For example, the world’s first funeral for a glacier
was held in Iceland in 2019 for a little glacier called “Ok” (8), fo-
llowed shortly thereafter by a memorial for Pizol Glacier in Swit-
zerland and Ayoloco Glacier in Mexico. Since then, memorials for
disappeared glaciers have increased across the world, illustrating
the integral connection between loss in the natural world and hu-
man rituals of remembrance that are crucial for social cohesion.

The Global Glacier Casualty List (9), which is an online exten-
sion of these memorial acts, is a collaborative project between so-
cial scientists, glaciologists, and community members across six
continents. This resource provides a global overview of melted
glaciers as well as specific stories about them, featuring narratives
and recollections that are important to the people who have lived
near, worked with, and studied each of these now-vanished glaciers.
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Melting of the ice cap on top of Africa’s
highest peak, Mount Kilimanjaro,
affects local communities and ecosystems.

Whether a glacier is critically endangered (predicted to expire by
2050) or has ceased to be a glacier altogether, each entry in the list
is geotagged on an interactive globe, indicating how glaciers are
fundamental to both social and environmental processes.

Glacier loss causes stress on food chains and water supplies. For
example, meltwater from Glisan Glacier in Oregon has changed
Mount Hood’s vibrant alpine ecosystem, putting surrounding orc-
hards at risk (10). Ice loss from Glisan also threatens salmon and
steelhead fisheries as well as the microbiomes created by springs
throughout the region. The Quinault, one of eight Indigenous tri-
bes living on Washington state’s Olympic Peninsula, rely on glacial
meltwater to sustain salmon populations for food as well as for cul-
tural and economic purposes. The loss of Anderson Glacier in the
Olympic Mountains further endangers local biodiversity. For Care-
ser Glacier in Italy and the many glaciers that occupy the Icelandic
Highlands, decreased water availability for hydroelectricity produc-
tion will be one outcome of glacial loss, affecting industries that
rely on renewable energy. This could cause some industries to turn
to fossil fuels for power, accelerating the greenhouse gas emissions
that are contributing to the loss of glaciers.

Glaciers are also important sites for undertaking scientific trai-
ning, especially for the next generation of glaciologists whose ex-
pertise will undoubtedly be of great importance in an unpredictable
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future for ice. For instance, Santa Isabel Glacier in Colombia, which
is predicted to disappear by 2030, has long been a Key training area
for glaciologists (17) and has the longest series of scientific measu-
rements in the country. The snows of Kilimanjaro are among the
most iconic in the world, and the glaciers atop the mountain form
a key part of a United Nations Educational, Scientific, and Cultural
Organization (UNESCO) World Heritage Site, which is also a source
of tourism revenue. With less than 1 km? of glacial mass remaining,
it is almost certain that Africa will be the first continent to entirely
lose its glaciers because of global warming.

Beyond these impacts, glaciers are also repositories of cultural
heritage and history. Yala Glacier in Nepal has been regarded as one
of many sacred places for local people, but it is projected to vanish
by 2040 (12). In May of 2025, a memorial was held for this glacier,
with Buddhist monks in attendance. Venezuela lost its last remai-
ning glacier in 2024. In a legend well known to the Indigenous pe-
ople of the Venezuelan Andes, the five glaciated peaks of the region
were home to five giant white eagles who settled atop the highest
mountains in the land, long before colonization took hold. Now, the
eagles and the ice survive only in story.

The close-knit relationship between the natural and social wor-
1ds illustrates the importance of complementing physical science
with social science to understand how ritual and memory can cre-
ate communities of purpose around climate mitigation. Policy alone
may not achieve all the changes in energy and resource use that
are required to accelerate decarbonization. Mass mediation (13) and
mobilization, as well as collaborations across scientific disciplines,
are needed (14).

This year, the United Nations is leading an initiative to draw at-
tention to the world’s disappearing glaciers by calling for their pro-
tection. The year 2025 is the United Nations’ international year of
glaciers’ preservation (15). As ZeKollari et al. underscores, the effecti-
veness of present and near-term climate policies will play a decisive
role in the future of glaciers. If greenhouse gas emissions are reduced
and global mean temperature is kept to 1.5°C above preindustrial le-
vels, many of the world’s glaciers can still be preserved. Consequently,
glacier funerals will be fewer, and mournful stories of fallen glaci-
ers can be reduced. In recognizing all that has been lost, focus now
should turn to all that can be saved. (]
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SUPERCONDUCTORS

Sleuthing out the symmetry of a superconductor

Experimental observations provide clues to understanding an enigmatic superconductor, uranium ditelluride

Andriy H. Nevidomskyy'2

n the movie Avatar, mountains are hovering in the atmo-
sphere because of a large deposit of a fictional rare-earth
mineral, unobtanium, with room-temperature superconduc-
tivity (conducts electricity with zero resistance). In real life,
superconductivity usually happens at cryogenic temperatures
at which electrons in a material pair up to form so-called Cooper
pairs, following the rules set by quantum mechanics. This creates
a superconducting gap that describes the energy required to excite
an electron from its paired (superconducting) state into an excited
(resistive) state. A fundamental question about any superconduc-
tor is determining the symmetry of this gap. On page 938 of this
issue, Gu et al. (I) report an experimental observation that is criti-
cal to understanding this symmetry in an enigmatic superconduc-
tor, uranium ditelluride. The finding should place constraints on
how the superconducting state is modeled in this material for fu-
ture studies.
Nearly all known superconducting materials belong to the spin-
singlet class in which a Cooper pair consists of two electrons with

Probing the symmetry of superconducting gap

Scanning tunneling microscopy using a superconducting niobium tip can capture strong spectroscopic signatures of
superconducting states of uranium ditelluride through Andreev reflection. This process allows the injection of an electron

into a superconductor to form a Cooper pair by reflecting a hole.

Scanning tunneling microscopy

Uranium
ditelluride

V; voltage, I; current.

opposite spins (net spin is zero). The most common ones are s-wave
superconductors, which have Cooper pairs with a spatially symmet-
ric wave function. In 1963, a different kind of superconducting state
that is antisymmetric was proposed (2). In this case, the electrons
form the Cooper pair in a spin-triplet configuration (net spin can be
-1, 0, or 1), which was first observed in a superfluid helium-3. Since
this discovery, a search for a solid-state superconducting analog of
helium-3 has been underway, and a handful of potential materials
has been proposed (3-5).

A candidate spin-triplet superconductor that has sparked much
interest is uranium ditelluride (6, 7). Intense research has been
performed since the discovery of its superconducting properties in
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2018 (6), but many puzzles remain to be solved. Perhaps the big-
gest question is the symmetry of electrons in the Cooper pair. The
central challenge is whether the superconducting gap in uranium
ditelluride is single- or multicomponent, with respect to the sym-
metry of its crystalline structure. Another closely related question
is whether the Cooper pairs have a sense of chirality (being left- or
right-handed).

Gu et al. used scanning tunneling microscopy to answer these
questions. In this method, electrons pass through a potential en-
ergy barrier to be injected from an atomically sharp metal tip into
a sample to image the atom-resolved topography of the sample
surface. This quantum mechanical “tunneling” process is very sen-
sitive to the availability of quantum states (number of different
allowed modes) that the electrons can tunnel into. By changing
the voltage between the tip and the sample surface, spectroscopic
information about the material can be obtained.

A major challenge in characterizing uranium ditelluride is the
low critical temperature for superconductivity, which is at most
2 K above absolute zero. In addi-
tion, Cooper pairing is reported
to vanish along certain crystal-
line axes in uranium ditelluride.
These two effects conspire to
weaken the spectroscopic signa-
ture of superconductivity that
is determined using the conven-
tional metal tip. To overcome
this, Gu et al. used another su-
perconductor, niobium, as a tip
for scanning tunneling micros-
copy. This approach allowed
the authors to exploit a distinct
quantum mechanical phenom-
enon, called Andreev reflection,
at the tip-sample interface (see
the figure). The technique has
previously been used to study a
high-temperature superconduc-
tor in the cuprate (copper-oxygen
compound) family (8). Normally,
injecting a single electron into a
superconductor is prohibited by
the gap in the tunneling current
spectrum. The Andreev process
enables the injection by reflecting a “hole” (absence of an electron),
which is viewed as an antiparticle of an electron with the same mass
but opposite electronic properties. This allows the electrons and
holes to tunnel between the superconducting niobium tip and the
surface of uranium ditelluride, manifesting as a peak in the spec-
trum at zero bias voltage (no voltage between tip and the sample).

Gu et al. observed that the shape of this peak in the spectrum
was unaffected by the spatial position of the niobium tip relative
to the sample surface, underscoring the robustness of the observed
signal. The authors argued that the high-intensity Andreev peak at
zero bias is direct evidence of the nodes in the superconducting gap
of uranium ditelluride. They further examined whether the Cooper

Andreev reflection

Cooper pair
(spin-singlet)

?Q

$°— Electron

A

Cooper pair
(spin-triplet)
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pairs had distinct handedness by observing how the spec-
tra changed with the strength of the tunneling current.
Theoretical analysis showed that a chiral superconductor
should have a zero-bias Andreev peak that is unaffected
by the strength of the tunneling current. However, the
peak split into two satellites as the tunneling current in-
creased, implying that the Cooper pairs had no distinct
handedness.

The study of Gu et al. helps settle a long debate about
the symmetry of the superconducting state in uranium
ditelluride and contributes to theoretical modeling of
superconductivity in this material. However, many ques-
tions remain unanswered. The properties of the nonsuper-
conducting state of uranium ditelluride are still poorly
understood. Likewise, several measured quantities, such
as specific heat and magnetic response, in a supercon-
ducting state depend on how the crystals were grown.
In particular, the question of whether Cooper pairs are
chiral has received contradictory answers from probing
the change in polarization of light reflected off a uranium
ditelluride crystal (9, 10). Other reports have shown un-
usual vortices on the surface of uranium ditelluride under
an applied magnetic field (11, 12) that suggest a nonchiral
nature of the Cooper pairs, corroborating the conclusions
of Gu et al. Further, a sharp zero-energy tunneling peak
in the cores of these vortices may also imply a topological
nature of superconductivity in uranium ditelluride (12).

What makes understanding uranium ditelluride more
challenging is the pronounced variation in its supercon-
ducting properties under a strong applied magnetic field
and pressure. This has led to a conjecture that there may
be as many as four or five different superconducting
phases in this material (13). Can some of these phases
be chiral? Although this could be true under strong
magnetic fields (14), further experimental and theoreti-
cal studies are needed to address this issue. The quest
to understand the remaining puzzles surrounding the
superconductivity of uranium ditelluride centers around
two universal questions: What is the symmetry of the su-
perconducting order parameter? And what is the “glue”
that enables electrons to pair up? The study of Gu et al.
may help answer the first question; at the same time, the
nature of the pairing in uranium ditelluride remains as
elusive as ever. [J
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A wave of emotion

Sustained brainwide patterns of activity enable
emotions to outlast their triggers

Stoyo Karamihalev and Nadine Gogolla

motions shape how individuals experience the world.

Some emotions appear and fade away in seconds or min-

utes, whereas others linger for longer. Acute fear might dis-

sipate quickly upon escape to safety or could transform into

enduring anxiety. The grief caused by bereavement may per-
sist for even longer, affecting an individual for many months. Whether
fleeting or lasting, emotions influence perceptions, behavior, and deci-
sions well beyond the experience that set them in motion. Yet very little
is known about how the brain holds onto these internal states. Explain-
ing the biological basis of their enduring nature is crucial for building
a mechanistic understanding of emotion. On page 933 of this issue,
Kauvar et al. (I) report an evolutionarily conserved brainwide response
to an emotional stimulus that serves as the early-stage neural substrate
of an emotion state. Thus, they identify a fundamental process that
may help explain how emotions emerge.

A flash of light in the eye, a sudden noise, or a shooting pain can
produce a neural response—a signature of the stimulus that bursts and
disappears in milliseconds. However, the emotions that such stimuli
can evoke are sustained at longer timescales, from seconds to minutes,
and sometimes through to hours or even days (2). Not much is known
about what facilitates the transformation of a brief stimulus-induced
burst of activity into an enduring brainwide state. Kauvar et al. aimed
to address this gap in knowledge. They shot puffs of air into the eyes
of humans and mice to induce an aversive internal state. This precisely
timed stimulus caused members of both species to squint their eyes re-
flexively. When the puff was over, the squint subsided, but did so slowly.
The timing of this late-stage eye closure correlated with the negative
emotional response reported by human participants. The authors also
carried out intracranial electrophysiological recordings to measure
brain activity during the task. The human participants underwent re-
cordings as part of epilepsy treatment, so target brain regions were
selected on the basis of clinical need but spanned the forebrain, with
dense representation of areas such as the insular, premotor cortices
and the hippocampus. In mice, recordings were collected from thou-
sands of individual neurons across the whole brain.

The puffs of air caused a sudden burst of neural activity in humans
and mice. These initial sharp responses were detected almost every-
where in the brain; however, they decayed within hundreds of milli-
seconds in areas that are involved early in the hierarchy of sensory
processing, such as in parts of the midbrain and thalamus. Notably,
Kauvar et al. also witnessed a slower wave of neuronal activity: Coordi-
nated clusters of sustained activity echoed through the forebrain limbic
and sensorimotor cortical areas over the following seconds. This slower
wave of activity followed the dynamics of the nonreflexive eye closure,
suggesting that it could be involved in the emotional experience. To
test this possibility, the authors administered ketamine, a drug that
can evoke a temporary state of dissociation and can flatten emotional
responses (3). In this state of reduced emotionality, both mice and hu-
mans squinted, but not beyond the end of the stimulus. The reflex was
there, but as was confirmed by the reports of the human participants,
the longer-lasting aversive state didn’t follow. And in the brains of both
species, the short sharp neural response was observed, but the longer-
lasting wave was absent.

Does the slower wave of activity observed by Kauvar et al. account
for the persistence of emotions once the stimulus is no longer pres-
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ent? It may be a crucial prerequisite. At the fastest scale, neurons com-
municate with millisecond precision through fast neurotransmitter
receptors. Such activity could be responsible for quickly broadcasting
a sensory event. Ketamine, however, blocks a slow-acting neurotrans-
mitter receptor that integrates bursts of neuronal activity that occur
over tens to hundreds of milliseconds. With this receptor inactivated,
many networks across the brain are incapable of persistent activity
(4). The findings of Kauvar et al. indicate that this integration might
be required for the initiation of an emotion state. Very little is known
about how a global emotional context is maintained. In the mouse hy-
pothalamus (an area of the brain involved in homeostatic control), a
fear trigger causes neural activity that lasts for tens of seconds. That
activity likely sustains itself by a combination of slow neurotransmis-
sion and even slower neuromodulatory input (5). The neural activity of
a neighboring population of hypothalamic cells, which are involved in
the expression of aggression in mice, shows stereotyped dynamics that
unfold over tens of seconds to minutes. This network likely captures
angry intent and its transformation into aggression (6, 7).

More broadly, signals from one brain area to another can change
the behavior of a brainwide neuronal network (8). For example, in-
terventional experiments in mice show that, when performed at the
correct frequency, manipulations of neuronal activity at the circuit-
level have the power to extinguish or prolong an appetitive state of
social engagement (8, 9). At the brainwide level, activity across groups
of brain regions, especially when constrained to particular frequen-
cies, appears to show coherence and may become self-reinforcing at
longer timescales (10). Some motivationally and emotionally charged
states, such as hunger, thirst, or malaise, may persist because of their
own dedicated molecular and circuit mechanisms. For example, two
peptides involved in hunger and satiety (the feeling of fullness) were
recently shown to dampen each other’s impact, effectively preventing
sudden fluctuations in the activity of the neurons responsible for the
hunger state (Z1). This process works alongside what appears to be a
dedicated molecular mechanism controlling the rate of satiation. Slow
endocrine signaling and brain-body feedback loops could also play a
key role, especially at the later stages of an emotional experience (12).
For example, in mice, a stereotyped breathing pattern contributes to
the maintenance of freezing in response to fear, perhaps reflecting a
self-reinforcing physiological-behavioral loop (13).

Understanding what makes emotions last will require an integrative
approach that draws on knowledge of the mechanisms that enable per-
sistence at different timescales. The findings of Kauvar et al. improve
the understanding of what happens in the brain in the first seconds
during the formation of an emotion. Future work should investigate
what information is carried on the observed wave of neural activity
and its effects on how an emotion is maintained and changed. [J
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Growing anxious—
Are preschoolers
matched to

their futures?

Evolutionary and developmental factors
may contribute to anxiety in young people

Mark A. Hanson! and Peter D. Gluckman?3

nxiety is an emotion that, in evolutionary terms,

can have an adaptive role in ensuring alertness

to potential danger. In animals, stresses such as

population density, predators, and food avail-

ability can act, through maternal cues, on the
prenatal and early postnatal development of stress responses
in offspring (7). Such maternal and perinatal effects, which
operate across a wide range of taxa, lead to predictive adap-
tive responses in offspring, promoting Darwinian fitness (2).
Mechanistically, epigenetic changes in neural pathways have
been implicated in explaining how environmental factors
can affect gene expression and thus development (3). What
if anticipated conditions do not match those that triggered
a predictive adaptive response? For example, over- or inap-
propriate expression of anxiety later in human life can turn
out to be maladaptive, reducing an individual’s own or social
functionality. Perhaps anxiety disorders can be understood
as inappropriate socioemotional regulation in relation to ac-
tual, perceived, or anticipated challenges.

There is growing evidence that the incidence of anxiety
disorders has risen considerably in recent years in adoles-
cents (between 12 and 19 years old), particularly in devel-
oped countries (for example, the United States) (4). Although
this trend is well documented in the years preceding the
COVID-19 pandemic (5), there was only a small increase in
the incidence of anxiety in children (younger than 12 years
old) and adolescents during the pandemic by comparison
(6). This suggests that contemporary stressful situations such
as those operating during the pandemic do not fully explain
a contemporaneous increase in anxiety in adolescents.

Environmental factors during the early years of devel-
opment can have profound and lasting effects on a child’s
executive functions and emotional development, affecting
socioemotional regulation, especially if these factors are del-
eterious and prolonged (7). But there are indications of more
subtle effects on the development of executive functions,
even in the prenatal and early postnatal periods (8). Such
early life impacts could contribute to the increased preva-
lence of anxiety later in life, triggered by current social and
environmental challenges.

Executive functions in humans depend on the develop-
ment of fronto-thalamic and limbic systems in the brain,
which are the critical foundations for socioemotional and at-
tentional regulation. Much of this neural substrate develops
in the first 4 years after conception, but there are also prena-
tal and postnatal modifications of these neural systems that
occur in response to environmental cues (9). Although matu-

29 MAY 2025 Science



ration of the prefrontal cortex is not complete until late in adolescence,
its foundations and plasticity are greatest in the early years. Thus, early
modifications may affect how an individual responds to later stressor
challenges, making resilience or anxiety more or less likely to be exhib-
ited and, consequently, whether the expression of anxiety states is likely
to be adaptive or maladaptive.

Maternal stress during pregnancy has been shown to affect off-
spring executive functions, as measured with functional, electrophysi-
ological, and imaging techniques, and the
incidence of mild to moderate maternal stress
in pregnancy is estimated to exceed 40% in

...predictive adaptive

origins of the epidemic of noncommunicable disease in humans in the
Anthropocene (2). Childhood and adolescent anxiety could be consid-
ered similarly.

Without appropriately formed executive functions in the preschool
years (ages 3 to 5 years old), long-term adverse consequences for both
individuals and society are likely. The long-term prognosis of these mis-
matches is of concern, not only in terms of managing the burden of
mental health conditions but also in terms of effects on social cohesion
and productivity. For example, anxiety and
fear have been proposed to be associated with
a preference for strong leadership (74). The re-

high-income countries (10). Such stresses are cent decline in young people’s participation in
attributed to a range of factors, including re- responses could democratic processes (I5) might be a reaction
. . . o e . L] (] . oy
lationship dynar'n%cs, cost of IIYIHg, conflict, hypel'senSItlZC to the parl(')us ste'Lte of demo'cratlc politics but
labor opportunities, and childcare costs. < .« o also a manifestation of a desire for more auto-
Furthermore, these effects of maternal stress the lnd]VIdual tO cratic, stronger leadership to inspire a sense of
on offspring may operate across generations o o security. Autocratic leaders in turn understand
through mechanisms beyond genetic inheri- tI‘lggel'lng cues... the need to create a sense of uncertainty or
tance. For example, girls who develop higher : : even fear. Today’s young people may be par-
levels of anxiety may become more stressed leadlng tO a mlsmat(:h ticularly susceptible to such influences.
during their own pregnancies, with potential between the Societies face an emerging burden of men-
effects on their subsequent children. K tal health issues, especially in young people.
The nature of caregiver-infant interactions emOtlonal response Although appropriate interventions are
in the first 2 years of life has been shown to needed to help those already affected, preven-
and the actual

influence executive function development
(II1). Limited availability of high-quality care
for children in their early postnatal years may

challenge faced.

tative approaches are also critical. Solutions
will need to adopt a life-course perspective, in-
volving more cohesive thinking about parental

limit the types of adult-infant interactions that

foster healthy neurodevelopment. And it is

possible that “technoference” in caregiving through the use of digital
devices exacerbates such effects on early childhood development of ex-
ecutive functions either directly or by reducing interactive time with
caregivers (12).

Can these maternal and developmental cues of stress trigger regula-
tory changes in anticipation of stressful challenges to be met in future
adolescent and adult years? Such predictive adaptive responses could
hypersensitize the individual to triggering cues that otherwise would
not induce such intense responses, leading to a mismatch between the
emotional response and the actual challenge faced. Adolescent anxiety
thus may arise in part because the developmental plasticity in executive
functions has been affected during the early years by environmental
cues interpreted as predicting a dangerous or stressful world, irrespec-
tive of whether this turns out to be the case. If one considers that social
changes have led to greater chances of exposure to such priming cues,
then it is possible that as the child grows, they could exhibit inappropri-
ate levels of anxiety relative to the actual levels of stress present.

The predictive adaptive-maladaptive nature of this developmental
mismatch model is distinct from the diathesis-stress model (13), which
posits a “two-hit” pathophysiological paradigm—that is, a predisposi-
tion to anxiety combined with stress. Given the current rapid changes
in the societal environment, such as in digital technologies, the mis-
match model offers a possible contributing factor to the recent rapid
rise in anxiety disorders in young people. The developmental mismatch
is similar to that described for cardiometabolic phenotypes that devel-
oped in early life in response to signals of inadequate nutrition and the
contemporary lifestyles of overnutrition widely adopted later (2).

The informational and sociocultural environments also constitute an
evolutionary novelty in their nature, scale, and speed of change. Thus,
people may now be required to cope with societal and technological
environments more complex than humans have evolved to inhabit.
The resulting evolutionary mismatch makes more likely hypersensitiv-
ity to the challenges that contemporary environments pose, especially
during a prolonged adolescence, which in itself is a relatively recent
developmental period in evolutionary terms. Both evolutionary and
developmental mismatches have been suggested to play a role in the
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and caregiver support and the early childhood

years by policy-makers across health, educa-
tion, and social welfare. The quality of the emotional environment in
which young children develop, including active adult-infant interac-
tions both within and outside the home, is essential. Education policies
alone cannot meet this challenge because they do not generally focus
on the preschool years. Health and social care policies will need to ad-
dress the increasing prevalence of stress and mental health problems
in women before and during pregnancy, and their partners, if repeat-
ing cycles of such problems across generations are to be prevented. The
cost to society of not refreshing our thinking and actions about young
people’s emotional development may well be enormous. [J
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The next best way to teach and learn

Technology always seems poised to revolutionize education-until it doesn’t Jonathan Wai

re technological advancements new solutions
to old problems, reflections of what we already
know, or amplifiers of who we already are? Ann
Trumbore’s The Teacher in the Machine explores
a history of educational technology (“edtech”) in

the United States to shed light on these questions.
Trumbore examines two periods of educational entrepre-
neurship: the 1960s and 1970s and a more recent era that
began in 2012. She chose these two periods because—like

The Teacher in

away all its course materials (3). And in 2012, Udacity—led by
computer scientist Sebastian Thrun—raised $5 million in ven-
ture capital with the promise that “eventually, recruiters and
corporations worldwide would pay to recruit from its pool of
talented learners educated through their courses.” Then there
was the massive open online course (MOOC) frenzy, in which
edtech leaders claimed that there was a tsunami of free online
coursework coming to subsume higher education, pushing
universities to jump on the bandwagon. Ultimately, however,

the Machine:
other aspects of education history—in her opinion, they = AHumanHistory  Universities proved quite resistant to change. Venture capital
have largely (and mistakenly) been ignored (I). of Education for edtech peaked at $21 billion in 2021 and has since cratered
More than a century ago, Sidney Pressey invented a de- Technology by about 90%.

vice called a “teaching machine” that presented to students
a multiple-choice test that would not advance until they got
the answer correct. Pressey believed that such machines could
offer a more customized learning experience. As B. F. Skinner explained
in 1958: “Even in a small classroom the teacher usually knows that he is
moving too slowly for some students and too fast for others. Those who
could go faster are penalized, and those who should go slower are poorly
taught and unnecessarily punished by criticism and failure. Machine in-
struction would permit each student to proceed at his own rate” (2).

Part 1 of The Teacher in the Machine focuses largely on three scholars
and their ideas for improving US education. Stanford University phi-
losophy professor Patrick Suppes dreamed of an “individual Aristotle,”
or tutor for every child, who would help each student learn at their
own pace. University of Illinois electrical engineering professor Don
Bitzer created a sophisticated computer-based educational platform in
the 1960s known as PLATO, which “could support up to one thousand
students around the world doing coursework, playing early versions of
video games, and chatting with their friends on message boards simul-
taneously.” MIT applied math and education professor Seymour Papert
led the “One Laptop per Child” initiative, which delivered laptops to
millions of children around the world. His ideas influenced the “maker
movement” of the 2010s and popular programming languages such as
Scratch.

In the second half of the book, Trumbore examines the rise of edtech
as part of the business of higher education—and in particular the role
of the internet in distributing education beyond the college classroom.
Venture capitalists and “disruptors” smelled possible profits in distance
learning ventures led by elite universities at the beginning of the 21st
century, she notes. These included MIT, which decided in 2001 to give
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On the topic of artificial intelligence, Trumbore notes that
“generative Al seems poised to fundamentally alter teaching
and learning, but it’s unclear how universities can profit from
it, beyond selling online courses on the topic.” Scholars have expressed
concerns about how to get students to master basic skills related to Al
and to use it responsibly (4). Science fiction writer Ted Chiang articu-
lates the problem this way: “Using ChatGPT to complete assignments
is like bringing a forklift into the weight room; you will never improve
your cognitive fitness that way” (5).

This brings us back to a question Trumbore presciently asks after
reviewing the history of edtech: “Why are we so eager to turn to tech-
nology to solve educational problems for which the one reliably proven
solution is more person-to-person connection?” Maybe the answer is
that there really are only so many ideas under the Sun, and it is too easy
to forget the lessons of the past. [
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AGING

Look beyond the longevity drips and supplements

There is a path to living longer and healthier that doesn't require reversing the aging process Eric J. Topol

SUPER AGERS | Have you visited the longevity lifes-
pan circus lately? There are eight hundred lon-
gevity clinics in the United States—even at the
prestigious Mayo Clinic—so they are hard to miss.
Some charge up to $50,000 per week. There are
longevity vacations with intravenous drips; “Reju-
venation Olympics”; a Fountain Life “country club
for precision diagnostics”; fitness centers with in-

Eric Topol A — . .
Simon & Schuster, travenogs. antiaging drips; an X-Prize costing over
2025. 464 pp. $100 million to restore at least a decade’s worth

of muscle, brain, and immune function in older
adults; and stem cell clinics for longevity. There are carnival barker
scientists making false claims and hawking supplements as well as
longevity leader lists for what dose of rapamycin they are taking
to extend their lifespan. There’s an outspoken forty-seven-year-old
centimillionaire taking over 110 supplement pills a day, monitor-
ing his organs (which includes a penile-ring erection sensor) with
a staff of thirty medical specialists, spending more than $2 million
for food each year for a precise daily intake of 1,977 calories, who
has received plasma infusions from his teenage son, along with
gene therapy.

Then there are the many hundreds of companies developing
drugs or interventions to promote lifespan or selling biomarkers
to track one’s biological age. Many high-profile billionaires, such as
Jeff Bezos, Sam Altman, Yuri Milner, and Peter Thiel, are betting big
on some of these companies. I don’t claim to have any special access
to the motivations of these successful businesspeople, but I am re-
minded of a line from Venki Ramakrishnan in Why We Die: “When
they were young they wanted to be rich, and now that theyre rich
they want to be young” These entrepreneurial investments aren’t
likely to settle down anytime soon because we’re seeing some real
progress in understanding the science of the aging process. Unfor-
tunately, that has led to irrational exuberance in many dimensions.

It is true that we are in the midst of changing our perception
of what “old age” means. For a start, there are simply more cente-
narians around. There were 120,000 people aged one hundred and
older in the United States in 2024, and that number is expected
to rise to about 600,000 by 2060. But there’s little evidence we’ve
conquered frailty—we seem to be as vulnerable to age-associated
decline as ever. In fact, more so. The result of more people getting
older with multiple chronic conditions.

According to the World Health Organization, the average Ameri-
can celebrates just one healthy birthday after the age of sixty-five.
That seems bleak, but another way to express this acceleration of
morbidity with older age is by the number of chronic conditions.
For Americans aged sixty years and above, 95 percent have at least
one chronic disease, such as heart disease or diabetes, and 79 per-
cent have at least two chronic conditions. Life expectancy in the
United States is starting to come back with a small increase after
the COVID pandemic but is still below its peak a decade ago, and
well below many peer countries in western Europe and Asia.

Life expectancy (LE) and health-adjusted life expectancy (known
as HALE) are quite different. LE is the average number of years
that a person at a given age is expected to live. In contrast, HALE
is the average number of years spent in good health, and there’s a

The author is at Scripps Research Translational Institute, Scripps Research, La Jolla, CA, USA.
Email: etopol@scripps.edu
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wide spectrum of conditions that are considered to detract from
“good health.”

Over time, the gap between LE and HALE is getting larger, with
chronic illnesses on the rise in the United States. That’s why the
notion that slowing down aging for one year, a small increase in
LE, would be worth $38 trillion, and by ten years $367 trillion in
United States is far-fetched. If health span is not increased and the
gap closed, we’d be adding to the economic burden of long lives
with chronic diseases, not reducing it. The only way we might ac-
complish closing the gap is to slow the aging process, ideally at the
whole-body level. If we reduce heart disease but increase the preva-
lence of Alzheimer’s disease, we’re into competing interests and a
Whac-A-Mole model of expanding health span. A longer lifespan
gives more chance for all the diseases of biological aging to mani-
fest. People just don’t fall off a cliff healthy. Slowing the whole-body
aging process is the only way to bridge the gap. [J
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PODCAST

Maintaining social interactions and an active lifestyle
can contribute to healthy aging.

SCIENCE OF DEATH

Immortality, for now, remains out of reach.
But just how elastic is the human life span?
This week on the Science podcast, Venki
Ramakrishnan, author of Why We Die,
separates longevity facts from fiction and
offers insights into how to live well longer.

10.1126/science.ady6762
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Philippine fisheries put food security at risk

On 19 August 2024, the Philippine Supreme Court upheld a Regional
Trial Court’s decision (Z) allowing commercial fishing in municipal
waters, which extend 15 km from the shore. This decision is inconsis-
tent with the provisions of the Philippine Fisheries Code, which grants
small-scale fishers preferential access to municipal waters (2), as well
as the Local Government Code of 1991 (3) and the 1987 Philippine
Constitution (4), which include protections for small-scale fishers. The
country’s food security and livelihoods are at risk as a result. A motion
for reconsideration has already been filed by the country’s Bureau of
Fisheries and Aquatic Resources (5). The government should continue
to seek legal remedies that uphold the rights of small-scale fishers.

Allowing commerecial fishing in municipal waters threatens both
fishers and fish stocks. More than 80% of the 1.4 million Filipino fish-
ers belong to small-scale fisheries, accounting for half the Philippines’
1.8 million-ton annual marine fish harvest (6, 7). Filipino fishers are
the country’s poorest sector, with one third below the poverty line (6).
Moreover, major Philippine fisheries have been overfished since 1990
(8), and fish catch has been declining (6, 7). Reef fish biomass in fished
areas has dropped to less than 10% of its unexploited level (8). Illegal
fishing is prevalent, and commercial fishing intrusion into municipal
waters has been identified as a top threat (8, 9).

Bioeconomic models predict that without substantial investments in
fisheries management, increasing commercial fishers’ access to shared
fish stocks will increase their catch and profit in the short term but
accelerate fisheries’ decline (10). Thus, small-scale fishers’ catch and
profit are expected to decrease in the short and long term (10).

The Philippine Fisheries Code prioritizes food security in fishery
resources decisions (2). If the Supreme Court’s decision stands, the
Philippines should closely monitor the early impacts of the policy on
nearshore fish stocks and prioritize bioeconomic models that predict
long-term impacts over empirical observations. Delayed assessment
can be costly given that fish stocks typically take a decade or more to
recover from overexploitation (71).

Many nations grant preferential access to small-scale fishers in
nearshore areas (12) to safeguard marginalized communities’ food
security. Rather than allowing commercial fishing in municipal waters,
the Philippines should improve aquatic food security by focusing on
conservation and sustainable marine aquaculture (7). The precaution-
ary principle, which precludes implementing a potentially harmful
policy, should guide the Philippines’ fisheries decisions.
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For decades, the Philippines
has given small-scale fishers priority over
commercial fishers in municipal waters.
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Remobilized metals threaten urban wetlands
Urban wetland restoration is gaining international momentum (Z,
2). This strategy alleviates biodiversity loss by providing pivotal
habitats for local wildlife and migratory birds in urban areas (7).
Although urban wetland restoration provides substantial ecological
benefits, these projects may inadvertently remobilize legacy metal
contaminants (LMCs), including harmful chemicals such as mer-
cury, that were produced by anthropogenic activities and have since
accumulated in urban soils and sediments. Project planners must
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work to prevent or mitigate the damage that LMCs could cause.

Urban wetland projects often include resubmergence in water
and revegetation of degraded wetlands, each of which can release
LMCs from the soil, increase their mobility and bioavailability, and
intensify their bioaccumulation along wetland food chains (3, 4).
Although LMCs such as mercury are less toxic than recently dis-
charged chemicals (5), their remobilization threatens local wildlife
and migratory species. For example, the concentration of mercury in
urban wetland fish in the US is 111.7% of the concentration in their
offshore migratory counterparts (6), putting both the fish and their
predators, including endangered wetland birds and mammals, at
risk of adverse health effects such as reproductive failure and neuro-
logical impairment (7).

Climate change could further exacerbate the remobilization of LMCs
(8). For example, in forest wetlands, rising summer temperatures
stimulate the activity of mercury-methylating microorganisms, leading
to a 300% increase in the conversion of less toxic inorganic mercury to
neurotoxic methylmercury (9). Furthermore, elevated carbon diox-
ide leads to a 27.6% increase in cadmium bioavailability in wetland
soil owing to decreased soil pH (10). These changes could eventually
trigger massive fluxes of remobilized LMCs into wetland food webs,
posing a looming threat to biodiversity and, if they enter the human
food chain, public health (11).

Urban wetland restoration projects must include robust risk mitiga-
tion strategies for LMC remobilization. Rigorous scientific evaluation
and continuous monitoring of microbes and their functional changes
can determine how they contribute to the remobilization of LMCs
under both human interventions and climate-change scenarios.

Once key microbes have been identified and hotspots of LMC release
induced by urban wetland restoration have been located, project
managers can implement nature-based solutions, such as planting
vegetation that accumulates metals (72), to remove remobilized LMCs
and prevent their accumulation in food chains. Such strategies should
be integrated into all future urban wetland restoration projects as
well as existing multilateral environmental agreements such as the
Convention on Biological Diversity.
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Scientific timidity enables oppression

The US scientific enterprise is facing an unprecedented assault. The
current administration is working to cap indirect research costs at
15% (1), halt National Institutes of Health (NIH) grant reviews (2),
slash the 2026 NIH budget by 44% (3), cut the National Oceanic and
Atmospheric Administration (NOAA) budget by 27% (4), and cancel
20% of funding for the Environmental Protection Agency (EPA)
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(5). Executive orders have forced agencies to remove terms such

as “gender” from public health research (6); erase climate-related
terms from government websites (6, 7); and eliminate diversity,
equity, and inclusion (DEI) programs (8). The scientific community
must protest these policies with a strong and united voice.

So far, the response from the scientific community has been
defensive and fragmented. In the absence of a convincing public
challenge to the censorship of terms such as “climate change” and
“diversity,” some scientists and institutions have quietly removed
those keywords from project descriptions (9). Such defensive
concessions may preserve individual projects in the short term, but
omitting terms to appease politicians normalizes a paradigm in
which science must seek permission to tell the truth.

The scientific community’s efforts have also lacked unity.
Researchers have objected to cuts affecting their own fields, but
these groups often operate without coordination. Fragmentation
dilutes the protests’ impact and allows the administration to play
fields against each other. The lack of a united front also under-
mines scientists’ ability to convey their message to the public and
to policy-makers.

As history shows (10), silencing science is a tool of tyranny. Even
in democracies, the consequences of scientific silence can be dire.
When evidence on climate change is stifled or ignored, vulnerable
communities suffer the worst impacts of unchecked pollution and
global warming. When public health officials are forced to down-
play a pandemic, people die needlessly (17, 12). When those who
understand the evidence do not loudly defend it, those in power
face no obstacle to perpetuating harmful lies.

Scientists need not abandon objectivity to publicly speak out
with clarity and conviction when science is misrepresented or
ignored. Universities and scientific organizations should issue
unambiguous statements against political censorship of research,
provide legal and moral support to those who come under fire,
and lobby for the protection of scientific integrity. Individual
scientists must engage with the public and the media to counter
misinformation directly rather than hoping that peer-reviewed
papers alone will correct false narratives. Researchers can write
op-eds, march in peaceful protests, and form advocacy groups.
Building solidarity with educators, journalists, and the public will
amplify this message. Scientists cannot win this fight alone, but
they can lead by example.
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DRUG DEVELOPMENT

What patents on Al-derived
drugs reveal

Less in-depth, in vivo testing before patenting may affect
overall research and development

Janet Freilich! and Arti K. Rai?

roponents of the use of artificial intelligence (AI) in drug
discovery predict that it is likely to make drug discovery and
development faster and cheaper, particularly in preclinical
stages before patents are filed (7). But Al use may also cre-
ate tendencies to file “compound” patents on molecules
that disclose little evidence of real-world testing, exacerbating an
issue already of concern in more traditional (even if also computer-
aided) drug development and patenting. Our preliminary analyses
of an original dataset of compound patents on small-molecule drugs
suggest that, compared with more traditional drug developers, “Al-
native” developers perform less in vivo, in-depth
testing before patenting. In light of the poten-

early-phase clinical trial success rates associated with molecules
that have entered trials. Although these studies are important, they
do not get at the question of whether premature patenting and/or
disclosure could result in abandoned molecules. Another possibility
for investigating how much preclinical testing has been done on the
compounds—examining information provided to the Food and Drug
Administration (FDA) by sponsors seeking to enter clinical trials—is
unavailable because these submissions are kept secret.
It is possible, however, to examine the quality of disclosure in
patents filed on molecules identified using AI techniques. Although
FDA submissions contain more information,
both because they generally occur a few years

tial for such early patenting to dampen overall AI_native after patent filing (3) and because firms know
drug research and development, it is worth con- eee R that information submitted to the FDA will be
sidering policies that encourage disclosure of ﬁrms are lndeed kept secret, patent disclosure may still provide
more evidence for securing a patent and provide o o some insight on preclinical vetting of compounds.
incentives for research on disclosed but unpat- Obtalnlng
ented structures. FINDING PATENTS FROM

Although computer-assisted drug discovery . l?atel'lts . Al DRUG DEVELOPMENT
has been improving for years, Al’s creation of W]t Out 1n VIivo To assemble our dataset of Al-derived patents,
new, potentially less-interpretable paths for in o we could not rely on information in the patents
silico discovery and development accentuates eXpeI'lmentS themselves. Patents do not generally contain
existing concerns. Al applications relevant to . information about the discovery process (5), a
drug discovery include analysis of knowledge at hlghel' I'ateS point that our manual review confirmed for our
graphs to identify poter.mz:ml drug ta}rgets, ’Fhe compared Wlth dataset. Ins.tead, we d?velf)ped the dataset indi-
AlphaFold models predicting protein folding rectly, by using a combination of sources that had
that won its developers a Nobel Prize in 2024, contl'()ls. .o previously worked on such identification. Details

and systems that can produce and sift through
a universe of chemical compounds many orders
of magnitude larger than the 10 million or so
that have historically been used by pharmaceutical firms. But in
the highly patent-sensitive biopharmaceutical industry, the quality
of patent disclosure is an issue of considerable interest: A molecule
patent granted too early, to a firm with a speculative idea but no
plan to test the molecule, may dampen interest from others able
to do the work of vetting for safety and efficacy. Additionally, even
if speculative molecular structures are not the subject of a patent
claim, a cursory disclosure could preclude patenting by others (2).
Prior empirical studies of Al use in drug discovery and develop-
ment, principally authored by Jayatunga et al. (3, 4), have focused
on the novelty of targets on which Al-based firms focus and on
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of our methodology are provided in the supple-
mentary materials. Briefly, we first retrieved a
large list of more than 500 firms identified as us-
ing Al-powered drug discovery by the global capital market research
database PitchBook. On the basis of our independent analysis of pub-
lic-facing marketing materials available from these PitchBook firms,
we determined that the majority used multiple different modes of
discovery. We therefore narrowed the list to those firms with market-
ing materials that indicated the firms’ predominant reliance on Al for
therapeutic outputs. We then supplemented this Al-native list by add-
ing additional firms specifically identified as Al-native by Jayatunga
et al. of the Boston Consulting Group (3, 4). The total number of firms
identified was 116.
Next, we used US Patent and Trademark Office (USPTO) data-
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bases to identify all granted US patents held
by these firms. Although we study only US
patents, our findings are internationally ap-
plicable because many jurisdictions have
disclosure requirements comparable to those
in the US, many pharmaceutical patents are
filed with the same disclosure in the US and
multiple other countries, and information
disclosed in patents anywhere is accessible
everywhere. We then read the patents to iden-
tify the subset that represented the first US
compound patent on a given small molecule.
We excluded patents on biologic compounds
as well as patents on machine learning meth-
ods and manufacturing processes.

We also assembled a “control” set of pat-

Al-native firms

ents. We assembled the control set by using  Control firms

the patent analytics database Questel Orbit 060600600600

Intelligence to match each Al-derived pat- €000600600
. 00000000

ent with a random small-molecule compound o060

patent filed by the same law firm, from a com-

pany in the same USPTO size classification,

and with a priority date (when the first pat-

ent in the family was filed) within +2 years.

Matching on applicant size, law firm, and priority filing year controls
for applicant- and law firm-specific drafting choices, applicant re-
sources, and the evolution of technology. Additionally, none of the
control patents was assigned to an Al-native firm. In the small num-
ber of cases where no control patent was available, we dropped the
treatment patent. Moreover, because a number of Al-native firms had
no granted patents, our final dataset contained 77 treatment patents
and 77 control patents. Further details regarding assembly of the
treatment set and of the matching exercise used to assemble the con-
trol set are provided in the supplementary materials.

As noted, our treatment patents did not contain information on
how AI methods were used to identify the molecules in question. Ad-
ditionally, as discussed further below, if AI methods were used to
test the molecules, they were not disclosed. Accordingly, we could
not assess the quality of these methods. We also could not assess
the quality of any methods used to identify molecules in the con-
trol set. Instead, our metrics of research progress and disclosure
quality focused on the compounds and experiments disclosed in the
patent. We manually coded the number of specific compounds dis-
closed, the number and characteristics of experiments testing those
compounds, as well as several additional metrics of disclosure vol-
ume—number of words, pages, and images in the patent. More detail
is provided in the supplementary materials. Statistical significance
for continuous variables was calculated using the Mann-Whitney U
test and significance for binary variables with the Fisher’s exact test.

ARE AI-NATIVE FIRMS PATENTING TOO EARLY?
In many jurisdictions, patents can be obtained with minimal or
no physical evidence that a molecule (or any invention) is safe or
effective, as long as the invention does not seem implausible (6).
Early-obtained patents on drugs that were never tested properly or
that fail later trials may dissuade others from trying to study the
drugs—whether for the first time or in different diseases or popula-
tions—because the patent on the molecule belongs to another. This
problem may be particularly acute for patents obtained on drugs
studied only in silico. Al-native firms may scoop up patents solely
on the basis of preliminary computer output, perhaps preventing
large numbers of compounds from ever being tested properly.

As a metric of in-depth preclinical testing, we use animal in vivo
experiments. Although such experiments have substantial limita-
tions, testing through alternatives—for example, through organ-on-
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More Al, less in vivo

experimentation

Intotal, 77 compound patents for small-molecule
drugs granted to Al-native firms were analyzed.
Compared with 77 matched control firms,
Al-native firms obtained patents without in vivo
experiments at a higher rate.

ANALYSIS

a-chip systems or high-quality AI models—is
only now beginning to be considered an ap-
propriate alternative to in vivo testing. Ac-
cordingly, for the purposes of our data, which
cover scientific research conducted no later
than 2022, we focus on in vivo testing. In
any event, to the extent that Al-native firms
in our data used AI alternatives to in vivo
testing, they did not disclose such testing in
their patents.

We find that Al-native firms are indeed ob-
taining patents without in vivo experiments
at higher rates compared with controls, and
where in vivo experiments are present, patents
from Al-native firms have fewer such experi-
ments. In our sample, only 23% of Al patents
have any in vivo experiments compared with
47% of control patents (P < 0.01) (see the fig-
ure). Al patents also tested a mean of 0.8 com-
pounds in vivo (yielding, on a per-patent basis,
a mean of 3.0% of the compounds disclosed in
any given patent being tested) as compared
with a mean of 3.1 compounds tested in vivo
for controls (mean of 6.4% of compounds dis-
closed in a given patent) (P < 0.01). As we report below, many Al and
control patents disclose hundreds of compounds, so both groups test
only a small fraction of disclosed compounds in vivo. Al-native firms
also file patents with less of the testing and development necessary
to proceed to human trials: 12% of Al patents have in vivo ADMET
(absorption, distribution, metabolism, excretion, toxicology) experi-
ments compared with 26% of control patents (P < 0.05), and 1% of Al
patents disclose a specific formulation for their drug compared with
14% of control patents (P < 0.01).

Other measures of the quantity of experimentation and disclo-
sure are not significantly different between treatment and control
patents, including the number of images and pages, the length of
the description, whether the patent discloses any in vitro testing,
and the median number of nonsynthesis working examples (see the
supplementary materials for detailed results).

Overall, the data indicate that both types of firms are conducting
in vitro tests on large numbers of compounds but that traditional
drug developers do more in-depth tests before filing a patent. We
cannot measure the extent to which traditional drug developers are
relying partially on AI or on other computationally intensive tech-
nology, nor whether our results are attributable to AI use itself or to
the way that Al is integrated into other parts of the drug develop-
ment process. Nonetheless, patents from Al-native firms look dif-
ferent. If AI models are good predictors of drug safety and efficacy
in humans, this may be an efficiency gain; if not, it may bog down
drug discovery. Depending on the quality of the AI model, patents
on molecules never tested in vivo may be less likely to be developed.

23%

were tested
in vivo.

es 47%
e yver(_atested

WILL AI-GENERATED MOLECULES BLOCK

PATENTING AND INVESTMENT?

Fears abound that Al methods will be used to generate countless
new molecules, which, when published, will prevent others from
patenting those molecules, thereby diminishing incentives for
further research (7, 8). Patents are only available for novel, never-
before-disclosed molecules, so a published Al-generated molecule
(“prior art” in the patent law lexicon) can block others from pat-
enting those molecules, even if the AI user did not study the mol-
ecule any further. Moreover, because pharmaceutical companies are
reluctant to invest in research on molecules that are not patent-
able, promising drugs may never reach clinical trials. Although AI-
generated molecules can be published in any format, patents are
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ANALYSIS

...it is worth considering raising
the evidentiary bar for securing a patent.

the most common source of prior art reviewed at the USPTO and
therefore are a good place to test whether Al-generated prior art
should be feared.

We find that Al-native firms do not disclose more molecules than
their non-Al counterparts {median 101 [interquartile range (IQR),
44 to 266] [mean 276, 95% confidence interval (CI): 173 to 379] for
Al-native patents; median 90 (IQR, 25 to 215) (mean 242, 95% CI:
141 to 344) for non-Al controls}. (A bootstrapped CI check on me-
dians similarly yielded largely overlapping 95% CIs for medians of
78 to 146 for Al-native treatment and 73 to 128 for non-AI controls.)
These data suggest that Al-native firms are not disclosing orders-
of-magnitude more molecules than their non-Al counterparts. But
this conclusion is not entirely optimistic because non-Al firms also
disclose hundreds, sometimes thousands, of molecules per patent.

Additionally, our sample concludes with patent applications with
a priority filing date of 2022—before any substantial use of large
language models (LLMSs) to assist in drafting patent applications. It
is possible that once LLM use accelerated in 2023, Al-native firms
not only used AI tools in their scientific research but that they
encouraged their legal representatives to use Al tools in drafting
patent applications, with one potential result being that Al-native
applications filed after 2022 could disclose more molecules.

A PATH FORWARD FOR DRUG DEVELOPMENT

Although our analyses suggest that Al firms are filing patents with
limited in vivo evidence, we urge caution with respect to prescrip-
tion. Caution is warranted given our small sample size, the quickly
evolving nature of the field, and our inability to fully assess the
causal role of AT use.

Nonetheless, the dearth of in vivo experiments in patents that
appear to be developed primarily using Al is worrying, even if one
believes the Al optimist’s view that the models produce drug candi-
dates more likely to succeed in clinical trials. Given that compound
patents as a whole do not provide disclosure regarding how they
were discovered, and that Al-native patents in particular also do
not discuss Al use in testing (5), it is not possible to know whether
the in silico discovery and testing was sufficiently superior to tra-
ditional methods to obviate the need for in vivo testing before se-
curing a patent. Further, Al-native firms claim to be generating
particularly novel drugs, which might require more disclosure.
Highly novel molecules that are patented without testing may never
be developed—other firms avoid molecules for which they cannot
obtain the first patent, and, although the original patent on the mol-
ecule could in theory be licensed, such licensing may be difficult
because firms, at least at present, prefer to license patents or assets
that have been derisked through substantial real-world testing (9).
Accordingly, it is worth considering raising the evidentiary bar for
securing a patent.

Additionally, although the number of molecules disclosed in pat-
ents filed by Al-native firms is similar to the number disclosed in
non-Al controls, the volume of disclosure is large and likely to in-
crease—risking situations where disclosure of molecules blocks oth-
ers from patenting those molecules. Disclosure of novel molecules
is beneficial, as long as it does not hamper later development of
those molecules. To encourage disclosure while avoiding its down-
side, we suggest permitting others to obtain patents even where the
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molecule has been previously disclosed but not otherwise tested.
Policy-makers could also strengthen regulatory exclusivity (the pe-
riod during which marketers of approved drugs can enjoy exclusive
rights to distribute the drugs) for new compounds that are taken
through clinical trials, which provides an incentive that is not linked
to earlier disclosures. Finally, to the extent that, going forward, Al-
native firms (or other firms for that matter) do use high-quality AI
models as an alternative to in vivo testing, they should disclose such
testing in patents. Such disclosure would enhance confidence that
Al-native firms are using AI not to patent too early but instead to
move beyond in vivo testing.

Notably, these changes could benefit Al-native firms. Their early
patenting of molecules, before much testing, means that further vet-
ting must take place while the patent term is running—a potential
disadvantage. If firms patent early to avoid the possibility that oth-
ers disclose or patent first, they may welcome policy changes that
make delay safer.

As Al develops, there may come a time when its predictions are,
by themselves, sufficiently reliable to meet a higher evidentiary
bar. Regardless, both for the present moment and the future, our
proposed changes would preserve the value of disclosure (10) while
reducing the risk to innovation for both Al-native and traditional
drug development. [
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ECOLOGY

Ecological and evolutionary consequences

of changing seasonality

Daniel Hernandez-Carrasco*, Jason M. Tylianakis, David A. Lytle, Jonathan D. Tonkin*

BACKGROUND: Climate change is rapidly altering seasonal regimes
in terrestrial, freshwater, and marine realms, disrupting the natural
rhythm of ecological processes. Seasonality is so fundamental to
ecosystems that these shifts threaten the maintenance of biodiver-
sity and its contributions to society. Recent advances across several
fields in ecology and evolution have identified links between
environmental seasonality and processes affecting natural systems
at different levels, from the genetic structure of populations to
whole ecosystem functions. These connections reveal unexplored
pathways through which changes in seasonality could affect
biodiversity and propagate across multiple levels of ecological
complexity. At the same time, ecological and evolutionary processes
governed by seasonality can determine species’ ability to adapt to
changing seasonal patterns. Yet, despite the potential pervasive
consequences for biological systems, changing environmental
seasonality remains a largely overlooked dimension of climate
change. We explore the diverse ways in which altered seasonal
patterns can produce cross-level ecological responses. Given the
prospect of further seasonal shifts over the next decades, it is
imperative to identify and quantify the mechanisms that underpin
biological responses to seasonal regimes and the potential for
species to adapt.

ADVANCES: We synthesize theoretical and empirical evidence to
identify two broad pathways through which altered seasonality
affects living systems: the demographic response to the experienced
environment, and adaptations that allow the synchronization with
environmental fluctuations. The former is closely linked to the
physiological constraints and adaptations determining populations’
demographic rates in different environmental conditions, whereas
the latter depends on plastic, life-history, and behavioral traits that
allow organisms to track seasonal fluctuations. We show that both
pathways can propagate the effects of changes in the amplitude,
timing, and predictability of seasonality, though the mechanisms
may depend on the average conditions of the environment. This
interplay provides a means for climate change to affect ecological
processes linked to seasonality, including population phenology and
species interactions, even when other attributes of seasonality
remain unchanged. Furthermore, previous adaptations to seasonal-
ity, such as the use of environmental cues, could limit species’
tracking of environmental changes through evolutionary adaptation
and latitudinal range shifts. Recent developments in modeling
enable the inclusion of complex interactions among processes
operating at different levels. Such models can predict emergent
properties such as biodiversity change by allowing the propagation
of known effects across levels—an area ripe for advancement in the
context of changing seasonality.

OUTLOOK: The pervasive effects of seasonality and the interactions
between processes operating at multiple levels increase uncertainty

around the future of biodiversity in the face of global disruptions to
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A better mechanistic understanding of the ecological and
evolutionary processes involved in the multilevel response
to altered seasonality will help improve ecological forecasts
and guide management strategies

. Mechanistic |
Biodiversity

models
forecasting

Myriad processes can propagate the impacts of
altered seasonality across levels of ecological
organization, such as species interactions and
annual migrations of keystone species
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Biological data
Rapidly changing seasonal patterns can generate complex ecological impacts.
These impacts arise through (i) adaptations that allow a proactive response to
periodic shifts in the environment (e.g., coat color changes with environmental cues)
and (i) individual performance under conditions experienced throughout the year
(e.g., temperature-dependent growth). Such impacts propagate across levels of
organization, often producing nonlinear responses, which require mechanistic
approaches to anticipate.

seasonality. A deeper understanding of the effects of altered
seasonality will help build tools to forecast ecological dynamics into
a no-analog future. Empirical work is thus necessary to uncover and
quantify these effects, but consensus between applied and theoretical
studies is paramount. Such consensus can be achieved by using
more ecologically informative measures of seasonality that incorpo-
rate the critical components to which biodiversity responds. The
resulting theoretical knowledge can be used to inform mechanistic
models that allow the propagation of effects across levels of
ecological organization. Although part of the information required
to build fully mechanistic models might currently be lacking, our
synthesis suggests that including species’ phenology and their
demographic response to the environment can already improve
current predictions. Understanding the mechanisms that allow the
propagation of impacts opens new avenues for improving conserva-
tion planning, invasive species management, large-scale restoration,
and biodiversity forecasting. [
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jonathan.tonkin@canterbury.ac.nz (J.DT.) Cite this article as D. Hernandez-Carrasco et al.,
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SOLAR CELLS

Surviving summer
days and nights

Vapor deposition of a poly-
dentate ligand stabilizes
perovskite surfaces by block-
ing iodide migration into the
charge transport layer and
reducing surface defects.
Sun et al. treated preformed

Science 29 MAY 2025

formamidinium lead iodide
films with a terpyridine
molecule to cap defective
octahedra on the surface,
which helped to reduce ion
migration driven by light-
dark cycles. Large-area
perovskite solar modules
(areas of ~0.8 square
meters) had a power conver-
sion efficiency of ~19% and

CARBON CYCLING
Plants can take the heat

Plant respiration contributes several times
the amount of carbon emissions to the
atmosphere as anthropogenic sources.
Respiration also increases with tempera-
ture, leading to a positive feedback loop.
However, plants can acclimatize to warmer
temperatures and reduce their respiration
rate. Using a model based on ecological-
evolutionary optimality principles, Zhang et
al. predicted the rate of respiration acclima-
tion to warming driven by decreasing water
viscosity within the plant. They then tested
these predictions using a dataset of stem
respiration measurements from 186 woody
plant species collected in the field and
laboratory. Incorporating thermal acclima-
tion into emissions projections reduced the
predicted terrestrial carbon emissions
estimate by nearly one third. —Bianca Lopez
Science p. 984, 10.1126/science.adr9978

Respiration in woody tissues, such as the trunk of this
maritime pine (Pinus pinaster), acclimates to higher
temperatures, potentially reducing one climate change
feedback mechanism.

maintained this power output

after 45 days of summer out-

door operation. —Phil Szuromi
Science p.957,10.1126/science.adv4280

CANCER

Targeting tumors

Chimeric antigen recep-
tor (CAR) T cells have not
proven as successful for

solid tumors as they have for
blood cancers, in part due to
a lack of true tumor-specific
targets. Some targets may be
enriched on tumor cells, but
their expression on healthy
tissue raises the concern of
on-target off-tumor toxicity.
Greco et al. applied a ratio-
nal workflow considering
both target expression and
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localization on healthy and
tumor cells for antigen iden-
tification. They found that the
expression of Cadherin 17 is
enriched in colorectal cancer
tumors (CRCs) compared with
healthy tissue, including CRC
liver metastases. Moreover,
although Cadherin 17 is
homogeneously expressed
on the surface of CRC cells,
as determined in patient
samples, its expression is
restricted to cell-to-cell junc-
tions in healthy colon tissue,
a site inaccessible to CAR T
cells. These data, coupled with
preclinical studies screening
a panel of CARs in models of
efficacy and toxicity, support
the further clinical develop-
ment of Cadherin17 CART
cells. —Courtney Malo
Sci. Transl. Med. (2025)
10.1126/scitransimed.adr1928

PALEOPROTEOMICS

Telling ancient

hominin tales

It is now well known that
the early hominin fauna was
species rich, with many over-
lapping lineages existing in the
African Pleistocene. However,
our knowledge of diversity
within many of these lineages
has been limited because
current ancient DNA tech-
nologies have not been able
to reveal genetic sequences
older than around 0.2 million
years. Madupe et al. exam-
ined protein sequences from
approximately 2-million-year-
old Paranthropus robustus
teeth that were particularly
well preserved. Using pro-
teomics approaches, the
authors were able to assign
the individual teeth to sex
and to identify patterns of
diversity suggesting the exis-
tence of multiple populations.
—Sacha Vignieri

Science p.969,10.1126/science.adt9539
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PALEONTOLOGY

Cretaceous birds

in the Arctic

In the modern world, birds
represent key components of
polar ecosystems. This is true
even in the face of the extreme
seasonal changes that occur
in these regions. Although the
Cretaceous world was consid-
erably warmer than ours, the
polar regions still experienced
months of near total dark-
ness, suggesting that this was
a challenging environment to
colonize even when it didn't
experience extreme cold.
Wilson et al. report on a fossil
assemblage of birds from the
late Cretaceous Arctic. This
assemblage includes both
chicks and adults of multiple
species, suggesting that birds
began breeding in Arctic
regions early on in their evolu-
tion. —Sacha Vignieri

Science p.974,10.1126/science.adt5189

NANOMATERIALS

Robust high-

entropy oxides
High temperature and corro-
sion stability, as well as high
wear resistance and stiffness,
have now been shown for
oxides containing five transi-
tion metals. Shahbazi et al.
prevented phase segregation
of the metals by oxidizing
metal sulfide precursors. The
resulting metal oxide nanorib-
bons were stable in strong
acids and bases, at tempera-
tures up to 1000°C, and at
pressures up to 12 gigapas-
cals. Above 30 gigapascals,
they underwent a reversible
amorphization transition.
—Phil Szuromi

Science p.950,10.1126/science.adr5604

ATOMIC PHYSICS

Testing quantum

electrodynamics
Lithium-like ions, those having
three electrons orbiting the
nucleus, can be used to test

the predictions of quantum
electrodynamics (QED).
Such tests are more strin-
gent than those possible with
hydrogen-like ions because
of interelectron interac-
tions present in lithium-like
systems. A discrepancy
that had existed between
theory and experiment for the
g-factor of lithium-like silicon
and calcium was recently
resolved, but testing this
resolution using a heavier
lithium-like ion has remained
challenging. Morgner et al.
performed a high-precision
g-factor measurement of
the much heavier lithium-
like tin ion and compared
it with their QED calcula-
tions. The agreement they
found provides confidence in
theoretical calculations in a
previously unexplored regime.
—Jelena Stajic

Science p.945,10.1126/science.adn5981

CHEMISTRY

Smaller, better, faster

Machine learning relies on
accurate, well-annotated,
and well-distributed training
data to generate accurate
predictions. High-throughput
methods offer a means of
generating very large train-
ing datasets. Gotz et al.
developed an on-demand
miniaturized and automated
synthesis platform based on
a three-component reac-
tion that produces drug-like
molecules. Equipped with
a dataset based on 50,000
distinct microscale reactions,
the authors used machine
learning to develop accurate
predictions for reactions with
unseen reactants. This data-
set is large enough to critically
evaluate emerging machine
learning approaches to chemi-
cal reactivity. —Dennis Hall
Sci. Adv. (2025)
10.1126/sciadv.adw6047

IN OTHER JOURNALS

Edited by Corinne Simonti
and Jesse Smith

ANIMAL BEHAVIOR
Fighting or flirting?

In animal societies, groups
often fight over resources,
and success depends on
members contributing to
collective efforts. However,
individual fitness incen-
tives can undermine group
performance. Green et al.
studied banded mongooses
to understand how inter-
group conflict outcomes
relate to reproductive suc-
cess. They found that groups
with females in heat were
more likely to win fights,
but surprisingly, winning
groups often lost paternity
to rival males, suggesting
that rivals prioritized mating
over fighting. Younger males
benefited disproportionately
from outgroup matings.
These findings reveal a
conflict between individual
and group interests, chal-
lenging assumptions that
collective success always
aligns with fitness gains and
highlighting how personal
incentives can shape group
dynamics in animal societ-
ies. —Di Jiang
Anim. Behav. (2025)
10.1016/j.anbehav.2025.123194

IMMUNOLOGY

Give-and-take during

lung infection

Cross-talk between immune
cells helps balance control of
infection with tissue damage
in the lung. Cembellin-Prieto
et al. found that acetylcho-
line, which is synthesized by
choline acetyltransferase and
secreted by B cells, signaled
to macrophages to decrease
their production of the
proinflammatory cytokine
tumor necrosis factor. When
choline acetyltransferase
was deleted in B cells, mice
had lower levels of influenza
virus the day after infection
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Banded mongoose (Mungos mungo) males that lose in competitions for resources often prioritize reproduction, contributing more to the next generation.

but more inflammation at later
stages, along with indicators
of damaged airway tissues.
Although B cells may restrain
the activity of macrophages and
restrict viral control initially, this
may act as a regulatory mecha-
nism to prevent more serious
consequences after infection.
—Sarah H. Ross
Nat. Immunol. (2025)
10.1038/541590-025-02124-8

ANTIBIOTIC RESISTANCE

Slow, quick, slow

How bacteria evolve in the
dynamic environments
provided by the human body
is obscure. Crow et al. cul-
tured Escherichia coli facing
changes in antibiotic expo-
sure. If antibiotic levels were
continuously increased, then
the bacteria evolved a series
of point mutations to tune an
efflux pump called AcrB. With
sudden, large antibiotic doses, a
nimbler strategy was required.
High doses were followed by
transposon insertions, which
derepressed the alternative
defense of last resort, the efflux
pump TetA, the expression of
which is toxic. There remains
the challenge of understand-
ing what such dynamics mean
at a population scale. Emons
et al. analyzed the trajectories
of antibiotic resistance for
eight bacterial species from
more than 3 million samples
taken between 1998 and 2019.
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Resistance did not reach fixation
for many drugs, instead attain-
ing a lower stable equilibrium
depending on the amount of
antibiotics consumed in a coun-
try. —Caroline Ash
ISME J. (2025)
10.1093/ismejo/wraf082;
PLOS Pathog. (2025)
10.1371/journal.ppat.1012945

ELECTROCATALYSTS

Role of hydrogen
coverage in

hydrogenation

Electrochemical hydroge-
nation (ECH), a promising
sustainable approach for
organic synthesis, is typi-

cally performed in alkaline
media to minimize extensive
hydrogen evolution. An ideal
ECH catalyst should not only
promote water dissociation,
but also retain hydrogen atoms
in a configuration that effec-
tively hydrogenates organic
substrates. By combining
computational calculations
with experimental verifica-
tion, Ciotti et al. uncovered

the critical role of moderate
hydrogen-binding strength and
well-dispersed surface hydro-
gen coverage on the catalyst,
leading to the discovery of
copper, gold, and silver as
cost-effective catalysts for the
ECH of acetophenone. Notably,
copper achieved moderate to
excellent conversion rates and

chemoselectivities toward the
ECH of a wide range of unsatu-
rated compounds featuring
C=0,C=C,C=C,and C=N
bonds. —Jack Huang
J.Am. Chem. Soc. (2025)
10.1021/jacs 4c15821

STEM EDUCATION

Brilliance as a
double-edged sword

First-generation (FG) students
(the firstin their family to go to
college) represent a large popu-
lation of potential scientists, yet
they remain underrepresented
in STEM fields. Hernandez et

al. collected data from faculty
and undergraduate researchers
at three universities to deter-
mine whether faculty research
mentors'’ beliefs that brilliance
leads to great science (and
scientists) were associated with
student researchers’ science
identity. The results showed that
faculty with strong brilliance
beliefs were associated with
higher levels of brilliance beliefs
among FG students, but not
among continuing generation
students. Greater brilliance
beliefs among students subse-
quently predicted lower levels
of science identity 3 months
later, particularly among FG
students. Conversely, the less
faculty believed that brilliance
was required to succeed in
STEM, the less FG researchers
incorporated brilliance beliefs

themselves and the more they
identified as scientists over
time. —Melissa McCartney
Commun. Psychol. (2025)
10.1038/544271-025-00223-8

QUANTUM OPTICS

Photon correlation

sensing goes wide-field

In optics, the ability to deter-
mine correlations between
photons from an emitter can
provide information on the
nature of the emitter, be it a
classical or quantum process.
Such correlations also have
practical use across a range of
fields such as spectroscopy,
sensing, secure communi-
cation, and imaging. Key to
measuring these correlations
are the photon detectors, with
much of the work limited to
just two or a few single photon
detectors. Using a large 500
x 500 single-photon detector
array, Elmalem et al. showed
that correlation measurements
could be extended to the wide-
field. Demonstrating the ability
to image multiple quantum
emitters with super-resolution
and wide-field emitter counting,
they claim that such single-
photon detector arrays could be
used to accelerate the perfor-
mance of quantum sensing and
imaging technologies by orders
of magnitude. —lan S. Osborne
Optica (2025)
10.1364/0PTICA.550498
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DOMESTICATION

A single domestication origin of adzuki bean in Japan
and the evolution of domestication genes

Full article and list of

author affiliations:
https://doi.org/10.1126/
science.ads2871

Chih-Cheng Chien, Takashi Seiko, Chiaki Muto, Hirotaka Ariga, Yen-Chiao Wang, Chuan-Hsin Chang, Hiroaki Sakai,

Ken Naito*, Cheng-Ruei Lee*

INTRODUCTION AND RATIONALE: The adzuki bean (Vigna angularis),
with its characteristic red seed coat color, is a crucial legume of East
Asian culinary culture. Although archaeological records suggest the
earliest traces of cultivation in Japan, previous genetic evidence
identified the highest genetic variation in central Chinese cultigens.
Because the hunter-gatherer-fisher Jomon populations inhabited the
Japanese archipelago before the arrival of the rice-growing Yayoi
populations about three thousand years ago (3 kya), the spatiotem-
poral origin of adzuki domestication remains debated. Furthermore,
the evolution of some domestication traits (e.g., pod shattering and
seed coat color) cannot be traced by archaeological records,
requiring input from genetics studies.

RESULTS: We investigated about 700 adzuki accessions, covering
wild and cultigen populations across the species range. The wild
populations of this species likely originated near the Himalayas and
naturally spread to central China and Japan. We identified genetic
evidence of domestication 3 to 5 kya in Japan, with subsequent
cultigen expansion back to China, followed by hybridization with
Chinese wild populations and generation of admixed cultigen
population in southern China. This complex demography likely
thwarted previous attempts to trace adzuki domestication origin,
and our results explain previous archaeological and genetic
observations.

Wild adzuki seed coats have mottled black pigment spots on a
pale background, and most cultigens have a characteristic uniform
red background without black spots. We identified one major effect
gene for each of the two traits. The gain of red background was
caused by an amino acid mutation in the anthocyanidin reductase
gene VaANRI. Our molecular characterization of the wild and
cultigen alleles confirmed that this amino acid mutation altered

enzyme function, disrupting the processing of anthocyanidins and
the accumulation of downstream colorless proanthocyanidins. For
the locus conferring mottled black pigment spots, the wild-
progenitor haplotype contained three homologous MYB transcrip-
tion factor genes, and only the central copy, VaPAPI, expressed
during seed development. In cultigens, nonallelic homologous
recombination likely happened between the two flanking copies,
deleting VaPAPI and resulting in a chimeric copy not expressed
during seed development.

‘We modeled their evolutionary trajectories with another gene,
VaMYB26, whose frameshift mutation was previously shown to
cause pod nonshattering in cultigens. Because all three traits have a
Mendelian genetic basis, the time-course mutant allele frequency
reflects the domestication phenotype evolution in this predomi-
nately self-fertilizing species. Mutant frequency of the three genes
increased much earlier than 5 kya, suggesting that weak selection
existed before the inferred wild-cultigen divergence time.

CONCLUSION: In this study, we resolved the complex demography of
adzuki domestication, identified and validated key genes for domesti-
cation traits, and inferred the evolutionary trajectory of these traits,
which could not be directly observed from archaeological records.
These results complement the growing archaeological evidence that
Jomons were not exclusively hunter-gatherer-fishers from the genetics
perspective and support the recent archaeobotanical view that weak
selection may have existed in local populations thousands of years
before clear traces of sophisticated agricultural activities. [

*Corresponding author. Email: chengrueilee@ntu.edu.tw (C.-R.L.); naito.ken988@naro.go.jp
(K.N.) Cite this article as C.-C. Chien et al., Science 388, eads2871 (2025). DOI: 10.1126/
science.ads2871
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NEUROSCIENCE

Conserved brain-wide emergence of emotional response
from sensory experience in humans and mice

Isaac Kauvart, Ethan B. Richmant, Tony X. Liut et al.

INTRODUCTION: Emotional states are central to the human condition
in health and disease, yet the neural processes by which emotions
emerge from experience remain mysterious. In mammals, lasting
emotional responses may serve to integrate external and internal
information spread across the brain, to guide contextually appropri-
ate behaviors. We hypothesized that common structural and
functional constraints on sensory integration into emotional states
in the mammalian lineage could yield conserved dynamical
principles governing the establishment and maintenance of
emotional responses.

RATIONALE: To identify broadly conserved patterns of neural activity,
we first developed unbiased brain-wide activity screens spanning
widely divergent mammalian species. Specifically, we explored when,
where, and how emotional states emerge, using high-speed, invasive,
and global methods in human and mouse subjects carrying out the
same task. While recognizing and leveraging the value of obtaining
verbal descriptions of subjective emotional experience from human
subjects for this question, we also explicitly bridged human and
mouse systems with temporally precise affective behavioral
measures, clinically compatible pharmacological interventions, and
deep brain-spanning intracranial electrophysiological readouts,
designed to be similarly carried out in parallel in both human and
mouse subjects, to investigate conserved principles underlying the
emergence of lasting emotional states from brief sensory input.

RESULTS: We determined that sequences of air puffs, directed at the
cornea of human or mouse subjects, elicit both fast/reflexive and
sustained/affective eye closure behaviors; the latter (in both species)
is characterized by negative valence, persistence, generalization, and
ablation by the dissociative agent ketamine. We performed a
brain-wide neural activity screen of this temporally precise behav-
ioral response, using intracranial stereo-electroencephalography
(AEEG) in humans and multiprobe Neuropixels single-unit electro-
physiology in mice. This brain-wide screen revealed a biphasic
process in which emotionally salient sensory signals are swiftly
broadcast throughout the mammalian brain and directly followed
by a slower and widely distributed persistent signal. We discovered
that the persistent signal could be selectively and similarly blocked
by ketamine while preserving the fast sensory broadcast in both
species, and that emergence of a behaviorally defined emotional
state could be selectively blocked by this intervention. We found
that the accumulation and decay pattern of persistent population
neural activity was consistent with first-order system dynamics, and
that the dose-dependent pharmacological impact on the emotional
response could be well-modeled by varying a single decay timescale
parameter, with emotion-blunting dissociative drugs accelerating
the decay. We furthermore found (in both humans and mice) that
ketamine accelerated the intrinsic timescale of baseline spontaneous
activity and reduced brain-wide population coupling in networks
with puff-triggered persistent activity. Control experiments in mice
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Brain-wide emergence of emotional response in humans and mice. (A) A
repeatable, temporally precise, and cross-species measure of emotional response.
(B) Broad, fast, and spatially resolved neural activity mapping across species with
intracranial electrical recording. (C) The aversive stimulus signal is rapidly and widely
broadcast, and from this, a sustained and distributed emotional state emerges.
Ketamine selectively blocks the sustained response by accelerating the decay rate of
system dynamics.

with a neutral auditory stimulus (while operating on faster times-
cales than emotionally salient stimuli) revealed that the pharmaco-
logical effect of sharpening response dynamics and reducing
capacity to maintain persistent information across the brain was
generalizable, highlighting the importance of signal persistence in
the establishment of brain-wide responses.

CONCLUSION: We find that mammalian emotional states, in a
conserved pattern spanning divergent species, are integrated from
sensory experiences through persistent activity dynamics that can
be shaped by a global and tunable intrinsic timescale, akin to the
action of a piano sustain pedal. Functioning as a distributed neural
context, adaptive emotional states appear to depend upon brain-
wide mechanisms of signal persistence in specific networks.
Furthermore, consistent with our measurements of intrinsic
timescale modulation by clinically relevant intervention, aspects of
the etiology and treatment of certain neuropsychiatric disorders
may be governed by altered stability of brain states linked to
maladaptively fast or slow intrinsic timescales. [

Corresponding authors: Karl Deisseroth (deissero@stanford.edu); Vivek Buch
(vpbuch@stanford.edu); Carolyn Rodriguez (cr2163@stanford.edu); Paul Nuyujukian
(23sciencemag@pn.stanford.edu) 1These authors contributed equally to this work. Cite
this article as I. Kauvar et al., Science 388, eadt3971 (2025). DOI 10.1126/science.adt3971
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SIGNAL TRANSDUCTION

BRAF oncogenic mutants evade autoinhibition through

a common mechanism

Full article and list of
author affiliations:
https://doi.org/10.1126/
science.adp2742

Hugo Lavoiet, Ting Jint, Driss Lajoiet, Marion Decossas, Patrick Gendron, Bing Wang, Frantisek Filandr, Malha Sahmi,
Chang Hwa Jo, Sandra Weber, Geneviéve Arseneault, Sasmita Tripathy, Pierre Beaulieu, Doris A. Schuetz, David C. Schriemer,

Anne Marinier, William J. Rice, Pierre Maisonneuve, Marc Therrien*

INTRODUCTION: Cells utilize a complex network of signaling pathways
to integrate and respond to external cues. The rat sarcoma (RAS)-
extracellular signal-regulated kinase (ERK) signaling pathway regulates
cell proliferation and differentiation. Upon activation by receptors on
the cell surface, the small guanosine triphosphatase RAS recruits and
activates kinases from the rapidly accelerated fibrosarcoma (RAF)
family. These kinases initiate a phosphorylation cascade, ultimately
modulating numerous target proteins that drive specific cellular
responses. One prominent member of the RAF family, BRAF, is
frequently activated by mutations in human cancers.

RATIONALE: Under quiescent conditions, wild-type (WT) BRAF is
maintained in a monomeric autoinhibited state, stabilized by interac-
tions between its cysteine-rich domain (CRD) and kinase domain (KD;
CRD-in conformation). Upon growth factor stimulation, BRAF
undergoes activation through KD dimerization. The most prevalent
class of BRAF mutations (Class 1) appear to induce constitutive
activation independently of RAS activity and bypass the requirement
for KD dimerization. However, the structural basis for these properties
has remained speculative. We used cryo-electron microscopy (cryo-EM)
to determine the three-dimensional (3D) structures of oncogenic
BRAF variants and compared them to those of WT BRAF. This revealed
the alterations caused by the mutations, offering insights into the
molecular mechanisms underlying BRAF oncogenic activation.

RESULTS: The 3D structure of monomeric BRAF V60OE, encoded by the
most prevalent Class 1 oncogenic mutation in the BRAF gene, revealed
features characteristic of an active dimer despite the monomeric
state. The inhibitory interaction between the CRD and the KD was
disrupted (CRD-out conformation), and the KD adopted an active-like

WT BRAF: Regulated Signaling
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orientation, resembling the conformation of a single BRAF molecule in
an active dimer. The inward positioning of helix «C within the KD was
consistent with the active state. This inward movement of helix oC,
driven by the V60OE mutation, was shown to be the main mechanism
underlying the structural reorganization of BRAF. By using small-
molecule inhibitors that stabilize either the inward (active) or outward
(inactive) position of helix aC, we demonstrated that this conformational
shift is central to the activation mechanism induced by the V6OOE
mutation. We also solved the 3D structures of representative class 2 and 3
oncogenic BRAF variants. These variants exhibited the same global
reorganization of the KD observed in BRAF V60O0E, including the
disruption of autoinhibitory interactions. Our findings are consistent
with a common mechanism by which oncogenic BRAF mutations induce
kinase activation through the release of autoinhibition and the adoption
of an active-like KD conformation driven by helix aC inward movement.

CONCLUSION: This study establishes a structural and mechanistic
framework that unifies the mode of action of diverse oncogenic
BRAF mutations, providing crucial insights into their common
activation mechanisms and potential opportunities for targeted
therapeutic intervention. The active-like conformation adopted by
these oncogenic variants resembles a hybrid state between the
autoinhibited monomer and active dimer configurations observed in
WT BRAF. This similarity suggests that the oncogenic variants may
mimic a transition state that WT BRAF undergoes during its shift
from an inactive monomer to an active dimer. [

*Corresponding author. Email: marc.therrien@umontreal.ca tThese authors contributed
equally to this work. Cite this article as H. Lavoie et al., Science 388, eadp2742 (2025).
DOI: 10.1126/science.adp2742

Oncogenic BRAF: Unrestrained Signaling
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Cryo-EM structural analysis of oncogenic BRAF variants (red shading) compared with WT BRAF (blue shading), leading to their unrestrained activity. WT BRAF adopts a stable,
autoinhibited monomeric state in which its CRD (C) forms inhibitory contacts with the KD (K), stabilized by a 14-3-3 protein dimer (CRD-in). Upon binding to activated RAS at the plasma
membrane, WT BRAF forms a catalytically active dimer, enabling downstream signaling to mitogen-activated protein kinase kinase (MEK) and ERK. Oncogenic BRAF mutations induce an
inward shift of the KD's helix oC, disrupting CRD-KD interactions and repositioning the KD into a preactive conformation (CRD-out). Class 1 mutants are constitutively active as stable
monomers, independent of dimerization. Class 2 mutants also form CRD-out monomers but require dimerization for full activation. Class 3 mutants, which are catalytically impaired,
adopt a CRD-out monomeric state that enhances RAS binding and facilitates dimerization and transactivation of another catalytically competent RAF protein, such as CRAF.
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ANCIENT DNA

Prehistoric genomes from Yunnan reveal ancestry related
to Tibetans and Austroasiatic speakers

Tianyi Wang et al.

INTRODUCTION: In East and Southeast Asia, a long history of
population movement, replacement, and mixture has heavily
influenced the genetic composition of humans up to the present
day. For example, early populations found across this region that
diversified before 40,000 years ago carrying Basal Asian ancestries
have largely been replaced by a single lineage that diversified into
the ancestries found in most present-day East and Southeast
Asians. However, these ancestries sampled to date have yet to
explain the genetic diversity observed across all present-day

East and Southeast Asians, with ancestries still uncharacterized in
many populations, including in Tibetans and Austroasiatic
speakers.

RATIONALE: Sequencing of 127 ancient human genomes dating to
7100 to 1500 years ago from Yunnan province in southwestern
China may help to further clarify human population history in
East and Southeast Asia. Yunnan is at the intersection of the
Tibetan Plateau, Southeast Asia, and southern China and is home
to the highest ethnic and linguistic diversity in China today.
Thus, genomic sampling of ancient populations from this region
provides an opportunity to capture the migration, interaction,
and change over time in prehistoric populations of East and
Southeast Asia.

RESULTS: Analysis of a 7100-year-old individual from the Xingyi
archaeological site in central Yunnan revealed a previously
unsampled Basal Asian ancestry that is deeply diverged from
East Asian ancestries and persisted in southern East Asia into
the mid-Holocene. This Basal Asian Xingyi ancestry is also
related to deeply diverged ghost ancestry found in Tibetan
Plateau populations, providing new information for studying
the origin of Tibetan Plateau populations. The 5500- to
1500-year-old populations from central Yunnan do not show
Basal Asian Xingyi ancestry, but carry an East Asian ancestry
distinct from northern and southern East Asian ancestries
previously characterized, denoted here as Central Yunnan
ancestry. This distinct East Asian ancestry can be found across
present-day Austroasiatic speakers, indicating that these
ancient populations in central Yunnan were likely a proto-
Austroasiatic population. By contrast, 3800- to 1700-year-old
populations from western Yunnan primarily have northern East
Asian ancestry, whereas a 3400-year-old population from
eastern Yunnan shows a mixture of southern East Asian and
Central Yunnan ancestries. Collectively, these patterns indicate
that multiple diverse East Asian ancestries coexisted in Bronze
Age Yunnan populations.

Corresponding author: Qiaomei Fu (fugiaomei@ivpp.ac.cn) Cite this article as T. Wang et al.,
Science 388, eadq9792 (2025). DOI: 10.1126/science.adq9792
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CONCLUSION: Sampling ancient humans from Yunnan

province, we discovered a new Basal Asian ancestry that is
closely related to a “ghost” ancestry that influenced populations
who lived on the Tibetan Plateau. In addition, we found a
distinct East Asian ancestry that sheds light on the origin of
Austroasiatic populations. Multiple East Asian ancestries in
Yunnan during the Bronze Age reveal high human genetic
diversity and dynamic population movements across East and
Southeast Asia. [
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Population migration, replacement, and the preservation of deeply diverged
ancestry in southern East Asia. A 7100-year-old individual from Yunnan shows a
Basal Asian ancestry that is related to a deeply diverged ghost ancestry contributing
to Tibetan Plateau populations. After 5500 years before present (BP), populations in
Yunnan exhibited diverse ancestries, including contributions from northern East Asia
in western Yunnan, coastal southern East Asia in eastern Yunnan, and a newly
identified East Asian lineage in central Yunnan that later contributed to present-day
Austroasiatic speakers.
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DIAPAUSE

Functional polymorphism of CYCLE underlies

the diapause variation in moths

Full article and list of

author affiliations:
https://doi.org/10.1126/
science.ado2129

Shirui Zhengt, Yaohui Wangt, Guiyun Lit, Sheng Qin, Zhi Dong, Xu Yang, Xiaomiao Xu, Gangqi Fang, Muwang Li, Shuai Zhan*

INTRODUCTION: Seasonal adaptation is crucial for the survival of
natural animals. As a specific form of dormancy, diapause halts
development to endure unfavorable seasons and commonly serves
as a seasonal adaptative strategy in insects. Diapause traits vary
pronouncedly within and among species, contributing to life
history diversification in response to latitude and climate changes.
Elucidating the genetic basis of diapause variation enhances our
understanding of how insects rapidly adapt to changing environ-
ments for speciation and range expansion and allows for prediction
of their further adaptation under global climate change. Despite
broad interest, the molecular bases underlying the diversity of
diapause traits and annual timing remain largely unexplored in

insects, particularly for specified causal alleles in nonmodel species.

RATIONALE: The domestic silk moth (Bombyax mori) exhibits
characteristic diapause phenotypes across strains. To synchronize
their life cycles with human activities, most domestic strains
produce one or two generations a year through embryonic diapause
(univoltinism or bivoltinism), depending on the perception of
environmental cues in the maternal generation. By contrast, local
strains originating from the tropics do not enter diapause regardless
of environmental conditions (polyvoltinism). The rich variety of
resources and well-documented phenotypes enable in-depth studies
in this species to characterize the molecular mechanisms underlying
diapause traits in Lepidoptera (moths and butterflies). We aimed to
combine canonical genetic approaches and high-throughput
genome-wide investigations to (i) identify causal loci responsible for
the diapause variation in B. mori and (ii) test whether these

identified loci have analogous effects in other species of Lepidoptera.

RESULTS: We generated cross-mapping progeny between a faculta-
tive diapause bivoltine strain and a nondiapause polyvoltine strain
of silk moths that mapped the major locus responsible for diapause
variation on chromosome Z. By integrating with genome-wide
association of 255 parental strains exhibiting diapause

polymorphism, we localized the most effecting locus to the 5’ region
of a central clock gene, Cycle (an insect homolog of BMALLI in
vertebrates). We identified a 1-base pair deletion exclusive to
nondiapause strains as the key causal allele that disrupts one
specific isoform of CYC (CYC-C), while preserving the complete
copies of alternative isoforms (CYC-A/B). Multidimensional lines

of evidence supported the involvement of CYC-C in controlling
diapause in the silk moth, linking it with multiple functional
modules potentially related to diapause modulation, and showed
that CYC-A/B may play the native role of CYC as a fundamental
component of circadian regulation. We further showed that the
expression of alternative CYC transcripts is subject to independent
regulation and that this functional diversity has been reserved
across a wide range of Lepidoptera taxa. On the basis of isoform-
specific mutagenesis, we validated the effect of CYC-C in initiating
larval diapause in the Asian corn borer (Ostrinia furnacalis) that
diverged with the silk moth approximately 100 million years ago.

CONCLUSION: In this study, we defined the additional function of
the circadian protein CYC, through one of its alternative isoforms,
in controlling the entry into diapause in Lepidoptera, and
identified a newly derived mutation in this isoform, arising along
with the domestication in tropical regions, which is responsible
for the diapause variation in silk moths. The potential functional
diversity of CYC is widespread in Lepidoptera, which may
reconcile the flexibility of seasonal adaptation with the functional
constraint on fundamental circadian regulation. Combined

with previously documented examples in TIMELESS (TIM) and
PERIOD (PER) in Drosophila, the diverse isoforms of central clock
genes may serve as common targets of selection for seasonal
adaptation in insects. [J

*Corresponding author. Email: szhan@sibs.ac.cn tThese authors contributed equally to this
work. Cite this article as S. Zheng et al., Science 388, eado2129 (2025). DOI: 10.1126/
science.ado2129
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timing of diapause. Genetic analyses identify a causal
deletion that disrupts an isoform of CYC (C), thereby
affecting diapause incidence in domestic silk moths
(the brown unhatched eggs). The isoform-based
functional complexity of clock genes may widely
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Attenuation of virulence in Yersinia pestis

across three plague pandemics
Ravneet Kaur Sidhut and Guillem Mas Fiolt et al.

INTRODUCTION: The Plague of Justinian and the Black Death
represent two of the greatest mortality events in recorded human
history and are herald waves of the first and second plague
pandemics. Genomes of the plague bacterium Yersinia pestis,
reconstructed from ancient human remains from about a century
into each pandemic, show evidence of a depletion in the copy
number of the virulence gene pla, which resides on the high-copy
number plasmid (pPCP1) and encodes a plasminogen activator (Pla)
protease that is responsible for virulence and pathogenicity in
bubonic and pneumonic models of plague.

RATIONALE: To determine the effects of the pla depletion on virulence
in mice, we tested modern (third pandemic) strains of Y. pestis from
Vietnam that contain the same depletion as ancient strains using
models of bubonic, pneumonic, and septicemic plague. We also
investigated the genomes of the ancient and modern Y. pestis strains
to characterize the molecular basis of the pla depletion.

RESULTS: De novo reconstruction of the ancient and modern strains
of Y. pestis that contain lower-copy number pla show transfer from
the high-copy number plasmid (pPCP1) to single-copy genomic
features in the modern (pCD1) and ancient (chromosome) strains. A
common pla deletion mechanism is likely mediated by ars sites
present in pPCP1. Depletion in pla copy number led to an
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attenuation of virulence in bubonic models of plague (but not
pneumonic or septicemic models), with lowered overall mortality
(100 to 85%) and a longer time to death (by ~2 days).

CONCLUSION: We hypothesize that natural selection for pla-reduced
strains reflects the metapopulation structure of rat populations,
supporting epidemiological models in which pathogen attenuation
enables disease persistence in small and fragmented populations
through frequent, reinitiated epidemics after population recovery.
The massive rat mortality that presumably occurred during the first
and second pandemics likely led to suppressed rodent densities. By
increasing population fragmentation, this created an environment
that favored pla-reduced, attenuated strains of Y. pestis over their
more virulent wild-type pla relatives. Specifically, a decreased
mortality rate and longer time to host death would allow for the
continued movement of rodents between existing populations, now
more distantly spaced than early in the pandemic, allowing for the
continued persistence, and hence increased transmission, of Y. pestis
and the slow continual burn of the epidemic. [
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Graphical representation of our working hypothesis. Rodent metapopulation structure and size are critical selective pressures for virulence attenuation in the plague
bacterium Y. pestis. The Black Death and subsequent epidemics of the second pandemic continually suppressed population sizes of key amplifying hosts (black rats), eventually
reaching a threshold at which depletion in the virulence gene pla swept across most European strains. Depletion of the pla gene lowers overall mortality in bubonic models of
plague and increases the time to death, allowing for the more sparsely populated rats to reach new hosts that are now more distantly spaced. [Figure created with BioRender.com]
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SUPERCONDUCTIVITY

Pair wave function symmetry in
UTe, from zero-energy

surface state visualization

Qianggiang Gu'*t, Shuqiu Wang?>3+, Joseph P. Carroll**4,
Kuanysh Zhussupbekov**1, Christopher Broyles®, Sheng Ran®,
Nicholas P. Butch®”’, Jarryd A. Horn®, Shanta Saha®

Johnpierre Paglionee's, Xiaolong Liu*®%, J. C. Séamus Davis' 2411+,
Dung-Hai Lee'#13*

Although nodal spin-triplet topological superconductivity
appears probable in uranium ditelluride (UTey), its
superconductive order parameter A remains unestablished. In
theory, a distinctive identifier would be the existence of a
superconductive topological surface band, which could facilitate
zero-energy Andreev tunneling to an s-wave superconductor
and also distinguish a chiral from a nonchiral A through
enhanced s-wave proximity. In this study, we used s-wave
superconductive scan tips and detected intense zero-energy
Andreev conductance at the UTe, (0-11) termination surface.
Imaging revealed subgap quasiparticle scattering interference
signatures with a-axis orientation. The observed zero-energy
Andreev peak splitting with enhanced s-wave proximity signifies
that Ag of UTe; is a nonchiral state: By, By, or B3,. However, if
the quasiparticle scattering along the a axis is internodal, then a
nonchiral Bz, state is the most consistent for UTe,.

The internal symmetry of electron-pair wave functions in nontrivial
superconductors (1) is represented by the momentum p = 7k depen-
dence of the electron-pairing order parameter Ay, where 7 is the re-
duced Planck constant. For spin-triplet superconductors, where
electron pairs have three spin-1 eigenstates (|1 1),|4 ), |11+ 1 1)),

Ak is a 2x2 matrix: Ay = ( Axit Al >with Afk =-Agand Ay = AE
Ay Ay
(1-5). This may also be represented in the d-vector notation as
Ay = Ay(d-o0)ic, where o; are the Pauli matrices. Many such systems
should be intrinsic topological superconductors (ITSs), where a bulk
superconducting energy gap with nontrivial topology coexists with a
symmetry-protected topological surface band (TSB) of Bogoliubov qua-
siparticles within that energy gap. Unlike proximitized topological insula-
tors or semiconductors, when three-dimensional (3D) superconductors
are topological (6), it is not because of electronic band structure topology
but rather because Ay exhibits topologically nontrivial properties (7). The
prototypical example would be a 3D spin-triplet nodal superconductor
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(I-6), and the search for such ITSs that are also technologically viable is
a forefront of quantum matter research (8).

Three-dimensional spin-triplet superconductors are complex states of
quantum matter (7, 4, 5). Thus, for pedagogical purposes, we describe a
nodal spin-triplet superconductor using a spherical Fermi surface within
a cubic 3D Brillouin zone (Fig. 1A). The zeros of Ak are then represented by
red points at +k,,. The Bogoliubov-de Gennes (BdG) Hamiltonian is given by

H= 3 X v (kKo )h(ky K )w(k, K,) (1)

Here y” (k) = (cm, O € ) and h(k,, K, )is a 4x4 matrix, con-
taining both band structure and Ax. We distinguish k = (k,,k, ) be-
cause they play different roles in the following didactic presentation.
Considering one particular 2D slice of the 3D Brillouin zone with a
fixed k,: Its Hamiltonian h(k,, Kk, ) is that of a 2D superconductor
within a 2D Brillouin zone spanned by k; . The 2D states|k, | < |k,|(Fig.
1A, blue) are topological and those |k, | > |k, | (Fig. 1A, green) are non-
topological. The essential signature of such physics is a superconduc-
tive TSB [or Andreev bound state (ABS) (7)] on the edges of each 2D
slice for |%,| < |k, |, and its absence when |%,| > |k, |. The 2D Brillouin
zone of any crystal surface parallel to the nodal axis of Ak is shown in
Fig. 1B along with the quasiparticle dispersion k(E) of a single TSB.
The equatorial circle in Fig. 1B is the k, — k, contour satisfying e(k;,
ky, 0) = 0 with e(k) being the quasiparticle band dispersion. A line of
zero-energy TSB states then connects the two projections of the nodal
wave vectors +Kk, onto this 2D zone (this is often called a “Fermi arc,”
although it is actually a twofold degenerate Majorana arc of charge-
neutral Bogoliubov quasiparticles). Calculation of the density of such
TSB quasiparticle states N(E) from K(E) in Fig. 1B yields a continuum
in the range —A, < E < A, with a sharp central peak at £ = 0 due to
this arc (Fig. 1C). Thus, 3D nodal spin-triplet superconductors should
exhibit a TSB on any surface parallel to their nodal axis, and such TSBs
exhibit a zero-energy peak in N(E) [see supplementary text section 1 of
(9)]. The conceptual phenomena presented in Fig. 1, A to C, depend
solely on whether the symmetry protecting the TSB is broken, and not
on material details. Hence, the presence or absence of a gapless TSB on
a given surface of a 3D superconductor, of a zero-energy peak in N(E)
from its Majorana arcs, and of the response of the TSB to breaking
specific symmetries can reveal the symmetry and topology of Ag.

Pair wave function symmetry in UTe;
UTe, is now the leading candidate 3D nodal spin-triplet superconductor
(10, 11). Its crystal symmetry point group is D, and the space group is
Immm [section 2 of (9)]. Associated with the three basis vectors a, b, and
c are the three orthogonal K-space axes k;, ky, k.. Within D, there are
four possible odd-parity order parameter symmetries designated A,,, By,
Bs,, and Bs, [section 2 of (9)]. All preserve time-reversal symmetry: A4,
is fully gapped, whereas By, Boy, and Bs, have zeros (point nodes) in A,
whose axial alignment is along ¢, b, or a, respectively [section 2 of (9)].
Linear combinations of A4,, By, Bsy,, and Bs, are also possible, which
break point-group and time-reversal symmetries, resulting in a chiral
TSB (7, 8). For UTe,, there are two chiral states of particular interest with
Ak nodes aligned with the crystal ¢ axis, and two with nodes aligned with
the a axis [section 2 of (9)]. Although identifying which (if any) of these
superconductive states exists in UTe, is key to its fundamental physics,
this objective has proven extraordinarily difficult to achieve (12).
Identifying the Ax symmetry of UTe, using macroscopic experiments has
been problematic because, depending on the sample preparation
method, the UTe, samples appear to have various degrees of heterogene-
ity. Samples grown by chemical vapor transport (CVT) exhibit small
residual resistivity ratios (RRRs) (~35) and transition temperatures 7, ~
1.6 to 2 K (13-15), whereas samples grown by the molten flux method
(MFM) have larger RRRs (~1000) and higher transition temperatures
(T, ~ 2 K) (16). From macroscopic studies, the status Ak for UTe, remains
indeterminate (17-27) [section 3 of (9)]. To date, Ax symmetry of UTe,

29 MAY 2025 Science



m
- _12
k, S
&
3
Ak - T8
k kx 0 »
x __\A 2
® =
\ 54
-k
Y n s]
S %,
k -
: ar . 0
-TT 0 m 8302 A1 0 1 2 3
K, Energy (4)
E F
0.2
[ Sessncsessssnng,.
3 . e
Nb ti —~
E ” P 2] Normal tip
: = - 0.28 K
: S 0.1 42K
L
.
X
-
:
: 0

-1 -0.5 0 0.5 1
Sample voltage (x10°puV)

Fig. 1. Pair wave function symmetry in UTe,. (A) Pedagogical model of a nodal spin-triplet superconductor with order parameter Ak having a-axis nodes identified by red dots;
the red arrow labels the internodal scattering wave vector. The 2D states |k,| < |kn| indicated for example by a blue plane are topological, whereas those |ky| > |ky|, indicated by
a green plane, are nontopological. (B) The 2D Brillouin zone of the crystal surface parallel to the Ax nodal axis, namely, the a-b plane, showing a single TSB dispersion k(E) with
color code for E. Aline of zero-energy TSB states dubbed the Fermi arc connects the two points representing the projections of the 3D Ag nodal wave vectors +k,(E) onto this 2D
zone. The equatorial circle in this plot is the k, — k, contour satisfying e(ky.k,,0) = O where e(ky.ky.k;) is the band dispersion used in the model. (C) The density of TSB quasipar-
ticle states N(E) calculated from (B) exhibits a continuum |E| < Ag with a sharp peak at E = 0 owing to the TSB Fermi arc. a.u., arbitrary units. (D) Schematic symmetry of a
possible UTe; order parameter Ak that has two a-axis nodes. The a axis—oriented internodal scattering qy, is indicated by a red arrow. (E) Schematic of (0-11) cleave surface of
UTe, shown in relative orientation to the STM tip tunneling direction and Ak in (D). (F) Measured N(E) of normal (T = 4.2 K) and superconducting (T = 280 mK) states of

UTe, using a nonsuperconducting STM tip at the (0-11) cleave surface as seen in (E). At the UTe; surface, virtually all states |E| < Ag are ungapped.

has been conjectured as nonchiral A, (17, 20), By, (24), B3, (18, 24), chiral ~ across the junction: This occurs because creating or annihilating Cooper
Ay + B3y, (21), By, + 1B3y, (22), Ay + 1By, (22), and By, + 1By, (26). Notably,  pairs costs no energy in a superconductor. Conceptually, therefore, there
however, no tunneling spectroscopic measurements of Ak, which could are notable advantages to using scanned Andreev tunneling spectroscopy

differentiate directly between these scenarios, have been reported. for ITS studies, including that TSB quasiparticles within the interface

predominate the Andreev process, that the order parameter symmetry
Tunneling between s-wave and topological difference between sample and tip does not preclude the resulting zero-
p-wave superconductors bias Andreev conductance, and that the enhanced zero-energy conduc-
An efficient tunneling spectroscopic technique for establishing Ak in  tance peak due to the TSB can be detected simply and directly in this way.
unconventional superconductors (28-33) is quasiparticle interference To explore this opportunity, we have developed a general guiding

imaging (QPI); but this has proven ineffective for unraveling the conun-  theoretical model to describe an s-wave superconducting tip [e.g.,
dra of UTe,. This is because conventional single-electron tunneling spec- niobium (Nb)] connected by tunneling to a nodal p-wave supercon-
troscopy of UTe,, even at 7= 280 mK (7/7. < 1/6), yields a typical ductor (e.g., UTe,), which sustains a TSB within the interface. We
quasiparticle density-of-states spectrum N(E < Aj) that is essentially  refer to this throughout as the SIP model. To simplify computational
metallic, with only tenuous hints of opening the bulk superconductive  complexity, we consider a planar interface shown schematically in
energy gap (Fig. 1F) (34, 35). Further, UTe, surface impedance measure-  Fig. 2A with in-plane momenta as good quantum numbers. The BdG
ments detect a nonsuperconductive component of surface conductivity ~ Hamiltonian ofthis SIPmodelhasthreeelements: H = Hy, + Hyr,, + Hr.
o1(w,T) deep in the superconductive phase (36). Yet the classic QPI sig- Here, Hyy, is the Hamiltonian for an ordinary s-wave superconductor
nature (37) of a bulk superconductive Ay has been impossible to detect, ex (K)o A (ic )
apparently because the high N(E < A,) overwhelms any tunneling con-  given by Hy,(K) = ( Nb 0 NbA*2
ductance signal from the 3D quasiparticles. Given these challenges to A% (—i0,) —enp(—K)og
determining the symmetry of Ax using a normal scan tip, we explored structure model for Nb, and Ayyp, is the Nb superconducting order
the possibility of using a superconductive scan tip [(38-43) and section = parameter. HUTEZ is the Hamiltonian of the putative p-wave super-
4 of (9)]. Theoretically, we consider two primary channels for conduction eur (K)G Agr (K)
from the fully gapped s-wave superconductive tip to a nodal spin-triplet conductor with < Ute, 0 Ute
superconductor. The first is single-electron tunneling, for which the mini- A{}Tez & —eyg, (K)o,
mum voltage required is V' = Ayp/e. The second, is Andreev reflection of ~ structure, and AUTEZ (k) is a 2x2 spin-triplet pairing matrix given by
pairs of subgap quasiparticles [section 4 of (9)] transferring charge 2e AUTeg k) = AUTe2 i(d-6)0,. Hr is the tunneling Hamiltonian between the

>; ey (K) is the band
>; €UTeZ(k) is the band
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Fig. 2. SIP model: Interfacial quasiparticle TSB between p-wave and s-wave electrodes. (A) Schematic SIP model for interface between an s-wave electrode (“S") and a
p-wave superconductor (“P") separated by an interface (“I"), containing the TSB on the surface of the p-wave superconductor. There is a variable tunneling matrix element |M|
between them, where [M| ~ 1/R and R is the junction resistance. This model is designed to characterize a tunnel junction between superconductive Nb (S) scan tip and UTe,
surface (P). Any superconductive TSB quasiparticles existing within the interface undergo Andreev scattering between s-wave and p-wave electrodes. (B) Calculated quasipar-
ticle bands within the SIP interface for a chiral, time-reversal symmetry-breaking, p-wave order parameter with A, + iBs, symmetry (table S2). The Nb electrode has trivial
s-wave symmetry. For this plot, ky is set to zero. Throughout all the calculated band dispersions, the red dispersion lines denote the superconductive TSB. The shading of the blue
dispersion lines is used to highlight the low-energy band structure phenomena, which are central to the tunneling process within the SIP interface. (C) Calculated quasiparticle
bands within the SIP interface for a nonchiral, time-reversal symmetry—conserving, p-wave order parameter with B3, symmetry (table S1). Here the gapless TSB is protected by
time-reversal symmetry. The value of ky in this plot is set to zero. (D) Schematic of the zero-energy differential Andreev tunneling conductancea(V) = dl/dV|, to the s-wave
electrode. The magnitude of this zero-bias peak in a(V) is determined by the density N(O) of TSB quasiparticle states within the SIP interface, through a two-quasiparticle

Andreev scattering process as shown. DOS, density of states.

two superconductors Hy=—|M]| Zk” [\yl’irb’k”cg ® 0 Wyre,x K +he.|.

Further, k|| is the momentum in the plane parallel to the interface, y is the
four-component fermion field (eq. S2) localizing on the adjacent
planes of the s-wave and p-wave superconductors, and |M] is the tun-
neling matrix element. To simplify the SIP calculation, ey, (K) and
€UTe, (K) are approximated as single bands [section 4 of (9)], yet this
alters neither the fundamental characteristics of the TSB nor the sym-
metry properties of the problem, both of which are controlled primarily

940

by the symmetry and topology of Ak [section 4 of (9)]. Finally, our simple
band structure model €UTe, (K) represents a closed 3D Fermi surface [sec-
tion 11 of (9)] upon which depends the nontrivial topology of Ag.

For HUTEZ, we consider two scenarios: (i) chiral pairing state 4, +
iBs, with d(k) = (0, k&, +ik,, ik, +k,) and (ii) nonchiral pairing state
Bs, with d(K) = (O, k., ky) In both examples, the two nodes of Ak lie
along the a axis, as in Fig. 1A, and we use AUTEZ = %ANb. First, for |M| =
0, we solve the spectrum of HUTez exactly. Figure 2B shows the quasi-
particle eigenstates E(k, = 0, k) plotted versus k, for the chiral order
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Fig. 3. Order parameter-specific TSB effects with enhanced tunneling. (A) Calculated quasiparticle bands within the SIP interface between Nb and UTe, with 8¢ = /2 as a
function of tunneling matrix element |[M|. Here the chiral order parameter has A, + iBs, symmetry. As |M|—0 and R— oo, the chiral TSB crosses E = 0. With increasing |M|
(diminishing R), the effect of the s-wave electrode in the SIP model generates two chiral TSBs inside the UTe; superconducting gap for all E < Ay, meaning that the
zero-energy dl/dV|sp peak will be virtually unperturbed (the points where the TSB crosses E = 0 are indicated by orange circles). (B) As in (A), but with a nonchiral TSB that also
crosses E = 0. With increasing |M| (diminishing R), the effect of the s-wave electrode splits the quasiparticle bands into two (the split is indicated by blue circles), neither of
which crosses E = 0. This key observation means that the zero-energy a(0) = dI/dV|sip Andreev conductance peak must split into two particle-hole symmetric maxima separating
as [M| is increased. (C) Examples of possible order parameter k-space phase evolution for UTe, as used in (A) and (B). Top panel shows the equatorial (ky = 0) complex phase
values of A and spin-triplet configurations for chiral order parameter A, + iBs, (table S2). Bottom panel shows the equatorial (ky = 0) values of Ak and spin-triplet configura-
tions for nonchiral order parameter B3, (table S1). The chiral A, + iB3, order parameter has a continuous phase winding, in contrast to the discontinuous phase change in the Bz,
order parameter. (D) Calculated energy splitting 8E of the zero-energy a(0) = dI/dV/|sip Andreev conductance peak as a function of tunneling matrix element [M| ~ 1/R. The

SE is zero for A, + iB3, (orange) at all tunneling matrices |M|. However, 8E increases as a function of |M| ~ 1/R for a Bz, (blue) order parameter, within the SIP model shown in
Fig. 2A. The orange circles correspond to the predicted TSB crossing points in (A). The blue circles correspond to the predicted TSB termination points in (B).

parameter with 4, + iB3, symmetry: A chiral TSB spans the full energy Instead, we explored how to distinguish a chiral from a nonchiral
range —AUTe2 <EX<L Ayre, crossing the Fermi level (£ = 0) and generat- Ay by using scanned Andreev tunneling microscopy and spectroscopy.
ing a finite density of quasiparticle states N ( |E| < AUTe2 ) Similarly, Specifically, within the SIP model, we calculated the Andreev conduc-
Fig. 2C shows the quasiparticle spectrum versus k, at k, = 0 for a  tance a(}) = dI/dV]sip between Nb and UTe, using the nonchiral TSB
nonchiral order parameter with Bj, symmetry: two nonchiral TSBs and demonstrated that a sharp a(V) peak should occur surrounding
span —Ayy,, < E < Ayp,, and feature E = 0 states generating a finite  zero bias [section 7 of (9)]. Because the TSB quasiparticles subtending

(|E| <AUTe ) Although these TSBs have dispersion in both the posi-  this peak are protected by time-reversal symmetry and because
tive and negative k, directions and can backscatter, their gaplessness  Andreev reflection of TSB quasiparticles allows efficient transfer of
is protected by time-reversal symmetry with 72 = —I. Hence, solely on  charge 2e across the junction, the peak’s sharpness is robust. This
the basis of N ( |E| < AUTeZ) of the TSB, one cannot discriminate be- makes scanned Andreev tunneling spectroscopy an ideal approach for
tween the two symmetries of Ag. studying superconductive topological surface bands in ITS.
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Depending on whether UTe, is hypothesized as a chiral or nonchiral
superconductor, the TSB quasiparticles are themselves chiral (Fig. 2B)
or nonchiral (Fig. 2C). As the tunneling matrix element to the s-wave
electrode |M|—0, these phenomena are indistinguishable, but as [M]|
increases, the wave functions of Nb overlap those of UTe,, allowing
detection of the TSB quasiparticles at the s-wave electrode. Figure 3A
shows the predicted quasiparticle bands within the SIP interface for
A, + B3, symmetry (Fig. 3C) versus increasing |M| [sections 4 and 5
of (9)]. With increasing |M| ~ 1/R, where R is the SIP tunnel junction
resistance, the proximity effect of the s-wave electrode generates two
chiral TSBs for all |E| < Ayr, both of which cross E = 0. Hence, for

the chiral Ak, the zero-energy N(E) will be virtually unperturbed by
increasing |M|. Equivalently, Fig. 3B presents the TSB of quasiparticles
within the SIP interface as a function of |M| for the nonchiral order
parameter with Bs, symmetry (Fig. 3C). When |M|—0, the nonchiral
TSB crosses E = 0. But with increasing |M| ~ 1/R, time-reversal sym-
metry breaking due to the s-wave electrode splits the TSB of the qua-
siparticles into two, neither of which cross E = 0. This reveals that the
N(0) peak must split as the zero-energy quasiparticles of the TSB
disappear, generating two particle-hole symmetric N(E) maxima
at finite energy. The pivotal concept is thus: Whereas the chiral
TSB in Fig. 2B requires no symmetry to protect it, the nonchiral TSB of
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Fig. 4. Discovery of Andreev conductance spectrum a(V) for Nb/UTe; tunneling. (A) Typical SIP Andreev conductance spectruma(V) = dl/dV|y, measured with a Nb
scan tip on UTe; (0-11) surface for junction resistance R = 6 megohms and T = 280 mK. A high-intensity zero-bias dl/dV/|sp peak is detected. (B) Typical topographic image T(r)
of (0-11) surface (s = 0.2 nA, Vs = 5mV). (C) Evolution of measured a(r, V) across the (0-11) surface of UTe; indicated by the yellow arrow in (B) for junction resistance R = 6
megohms and T = 280 mK. The zero-bias dI/dV|sp peaks are universal and robust, indicating that the zero-energy ABS is omnipresent. (D) Measured g(r, 0) at T=4.2 Kin the
normal state of UTe;. (E) Measured g(q, O) is the Fourier transform of g(r, 0) in (D). (F) Superconductive tip—-measured a(r, 0) at T = 280 mK in the UTe, superconducting state.
This image introduces visualization of the spatial configurations of a zero-energy TSB at the surface of UTe;. (G) Superconductive tip-measured a(q, 0) at T =280 mK in UTe,:
the Fourier transform of a(r, 0) in (F). Three specific new incommensurate scattering wave vectors, S, S, and S3, are indicated by red circles.
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Fig. 2C will open a gap if time-reversal symmetry is broken. This occurs
because the SIP model for a nonchiral Ak (Fig. 2C) predicts strong M|
locking of the relative phase 8¢ between the two superconductors at
8¢ = /2 to minimize the total energy of the SIP junction [sections 4
and 5 of (9)], thus breaking time-reversal symmetry. Conversely, the
value of &¢ is irrelevant for a chiral Ay (Fig. 2B) because the TSB at
the interface remains gapless for any 8¢ (i.e., the chiral TSB requires
no symmetry to protect it). Figure 3D shows the quantitatively pre-
dicted splitting of N(0) into two particle-hole symmetric N(E) maxima
as a function of |[M| for a chiral Ak (orange) and for a nonchiral Ak
(blue), within the SIP model of Fig. 2A [sections 4 and 5 of (9)]. The
decisive fact revealed by this SIP model for Andreev tunneling between
an s-wave electrode and a p-wave topological superconductor through
the latter’s TSB, is that a nonchiral pairing state can be clearly distin-
guished from a chiral pairing state.

Zero-energy Andreev conductance peak in UTe;

To search for such phenomena, UTe, samples were introduced to a
superconductive-tip (38-43) scanning tunneling microscope, cleaved
at 4.2 Kin cryogenic ultrahigh vacuum, inserted to the scan head, and
cooled to 7= 280 mK. A typical topographic image 7(r) of the (0-11)
cleave surface as measured by a superconductive Nb tip is shown in
section 8 of (9) with atomic periodicities defined by vectors a*, b*,
where a* = a = 4.16 A is the 2-axis unit-cell vector and b* = 7.62 A is
a vector in the 7: 2 plane. As the temperature is reduced, several peaks
appear within the overall energy gap; these are clear characteristics
of the UTe, surface states because when the tip is traversed across an
adsorbed (non-UTe,) metal cluster, the subgap peaks disappear [sec-
tion 8 of (9)]. Most notably, for Nb scan tips on the atomically homo-
geneous (0-11) UTe, surface, a sharp zero-energy peak appears in the
spectrum as shown in Fig. 4A. This robust zero-bias dI/dV|sp peak is
observed universally, as exemplified, for example, by Fig. 4, B and C.

1R
A 0.03pS = 1S B

These phenomena are not due to Josephson tunneling, because the
zero-bias conductance a(0) of Nb/UTe, is orders of magnitude larger
than it could possibly be owing to Josephson currents through the
same junction, and because a(0) grows linearly with falling R before
diminishing steeply as R is further reduced, whereas g(0), because of
Josephson currents, should grow continuously as 1/R? [section 8 of
(9)]. Moreover, the SIP model predicts quantitatively that such an
intense a(0) peak should occur if UTe, Ak supports a TSB within the
interface (Fig. 2A) and because Andreev transport, owing to its qua-
siparticles, allows zero-bias conductance to the Nb electrode [Fig. 2D
and section 7 of (9)].

This discovery provides an excellent opportunity to explore the TSB
quasiparticles of a nodal odd-parity superconductor. To do so, we fo-
cused on a 44 nm by 44 nm field of view (FOV) and, for comparison, first
imaged conventional differential conductance at zero-bias g(r, 0) at
T = 4.2 Kin the normal state of UTe, as shown in Fig. 4D. The normal-
state QPI signature g(q, 0) shown in Fig. 4E, is found from Fourier
transform of g(r, 0) in Fig. 4D. Next, Andreev differential conductance
a(r, V) = dI/dV|gp(r, V) measurements using a superconductive Nb
tip were carried out in the identical FOV at 7' = 280 mK, deep in the
UTe, superconducting state [Fig. 4F and section 10 of (9)]. Note that
a(r, V) represents a two-electron process and is thus not simply pro-
portional to the density of TSB quasiparticle states N(r, E) but, instead,
to the Andreev conductance. Our a(r, 0) imaging was then carried out in
bias-voltage range V= 0 + 150 pV inside the dI/dV|gp peak (Fig. 4A).
Such images introduce atomic-scale visualization of zero-energy qua-
siparticles of a superconductive TSB. The Andreev QPI signature a(q, 0)
of these zero-energy quasiparticles is shown in Fig. 4G. Here, three
new scattering wave vectors—Sj, S,, and S;—are indicated by red
circles. Because S; exists only in the superconducting state and only
for |E| <150 peV, it cannot be attributed to any new charge-ordered
state [section 10 of (9)] but is generated by TSB quasiparticles. And,
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Fig. 5. Evolution and splitting of a(V) peak with enhanced s-wave hybridization. (A) Measured evolution of a(V) = dl/dV|y,at T =280 mK in UTe, as a function of
decreasing junction resistance R (i.e., decreasing the tip-sample distance) and thus increasing tunneling matrix element |M| ~ 1/R. The a(V) spectra start to split when the
junction resistance falls below R ~ 5 megohms. (B) Evolution of measured a(r, V) splitting across the (0-11) surface of UTe; along the yellow arrow indicated in (C), at junction
resistance R = 3 megohms and T = 280 mK, demonstrating that a(r, V) split peaks are pervasive at low junction resistance R and high tunneling matrix |[M|. (C) Topographic
image T(r) of (0-11) surface (/s = 0.2 nA, Vs = 3 mV, T = 280 mK) showing the trajectory of the a(r, V) spectra that demonstrate the universality of a(V) splitting in (B).

(D) Measured energy splitting of a(V) at T = 280 mK in UTe; versus 1/R. These data may be compared with predictions of a(V) splitting within the SIP model for A, + B3,

and Bs,, order parameters of UTe; (Fig. 3D).
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because a closed Fermi surface has been hypothesized for UTe, from
both angle-resolved photoemission and quantum oscillation research
(44-46), S3 is not inconsistent with an a-axis internodal scattering
wave vector on such a Fermi surface.

Nature of the UTe, superconductive order parameter Ay

Finally, to determine spectroscopically whether the UTe, order param-
eter is chiral, we measured the evolution of Andreev conductance a(V)
at T'= 280 mK as a function of decreasing junction resistance R or
equivalently increasing tunneling matrix element |M|. Figure 5A shows
clearly the strong energy splitting 8E observable in a(V’), which first
appears and then evolves with increasing 1/R. Figure 5B shows the
measured a(r, V) splitting across the (0-11) surface of UTe, along the
yellow arrow indicated in Fig. 5C for R = 3 megohms, demonstrating
that a(r, V) split peaks are pervasive. Decisively, from measurements
in Fig. 5A, we plotted in Fig. 5D the measured 8E between peaks in
a(r, V) at T=280 mK versus 1/R. On the basis of predictions for energy
splitting 6F within the SIP model presented in Fig. 3D for chiral Ag
(Fig. 3A) and nonchiral Ag (Fig. 3B), a chiral Ak appears to be ruled out.
However, here we note that the SIP model assumes a planar junction
with translational invariance parallel to the interface: This implies
mirror symmetry (kx——ky), which the STM tip could break, compro-
mising the protection of the nonchiral state and splitting a zero-bias
peak [section 6 of (9)]. Nonetheless, as a chiral TSB is symmetry inde-
pendent, our conclusion holds: Splitting of the zero-bias Andreev con-
ductance peak indicates nonchiral pairing in UTe,.

Thus, the chiral order parameters A, + By, and Bs,, + 1By, proposed
for UTe, seem inapplicable because of the observed Andreev conduc-
tance a(0) splitting (Fig. 5A). Within the four possible odd-parity time-
reversal-preserving symmetries, A, By, Boy, and Bs,, the isotropic 4,
order parameter appears insupportable because its TSB is a Majorana cone
of Bogoliubons with zero density of states at zero energy (7), meaning
that Andreev conductance a(0) would be highly suppressed. Among
the remaining three possible order parameters, By, Bs,, and Bs,, all
should exhibit the Andreev conductance a(0) splitting that is observed.
However, if the S3 modulations are due to a-axis internodal scattering,
then the Bj, state is favored because its nodes occur along the a axis.

Discussion and outlook

Modeling Andreev conductance from an s-wave superconductor
through the intervening TSB of an intrinsic topological superconduc-
tor reveals a zero-energy Andreev conductance maximum at surfaces
parallel to the nodal axis. Further, splitting of this Andreev conduc-
tance peak owing to proximity of an s-wave superconductor signifies a
3D ITS, with A preserving time-reversal symmetry. Although the By,
Bsy, Or Bg, states could all be consistent with such a phenomenology,
should the a(r, 0) modulations at wave vector S; result from a axis-
oriented energy-gap nodes, then the complete experimental data imply
that Ak of UTes is in the Bs, state. Future experiments using energy-
resolved quasiparticle interference imaging of the TSB may explore this
premise even more directly. Most generally, use of SIP Andreev conduc-
tance spectroscopy for quasiparticle surface band detection and A sym-
metry determination opens new avenues for discovery and exploration
of 3D intrinsic topological superconductors.

REFERENCES AND NOTES

1. M.R.Norman, Science 332,196-200 (2011).

2. P.W.Anderson, P.Morel, Phys. Rev. 123,1911-1934 (1961).

3. R.Balian, N.R. Werthamer, Phys. Rev. 131, 1553-1564 (1963).

4. D.Vollhardt, P. Woelfle, The Superfluid Phases of Helium 3 (Taylor & Francis, 1990).

5. A.J.Leggett, Quantum Liquids: Bose Condensation and Cooper Pairing in Condensed-
Matter Systems (Oxford Univ. Press, 2006).

. A.P.Schnyder, S. Ryu, A. Furusaki, A. W. W. Ludwig, Phys. Rev. B 78,195125 (2008).

A.P.Schnyder, P.M. R. Brydon, J. Phys. Condens. Matter 27, 243201 (2015).

. C.Kallin, J. Berlinsky, Rep. Prog. Phys. 79, 054502 (2016).

Supplementary materials.

© 0~ o,

944

10. D. Aokiet al., J. Phys. Soc. Jpn. 88, 043702 (2019).

11. S.Ranetal., Science 365, 684-687 (2019).

12. D.Aokiet al., J. Phys. Condens. Matter 34,243002 (2022).

13. P.F. S. Rosa et al., Commun. Mater. 3,33 (2022).

14. Y. Tokunaga et al., J. Phys. Soc. Jpn. 88, 073701 (2019).

15. G. Nakamine et al., J. Phys. Soc. Jpn. 88,113703 (2019).

16. H. Sakai et al., Phys. Rev. Mater. 6, 073401 (2022).

17. H.Matsumaraet al., J. Phys. Soc. Jpn. 92,063701 (2023).

18. H. Fujibayashiet al., J. Phys. Soc. Jpn. 91, 043705 (2022).

19. T.Metz et al., Phys. Rev. B 100, 220504(R) (2019).

20. S. Suetsugu et al., Sci. Adv. 10, eadk3772 (2024).

21. S.Kittaka et al., Phys. Rev. Res. 2,032014(R) (2020).

22.1.M.Hayes et al., Science 373,797-801 (2021).

23. L.P.Cairns, C.R. Stevens, C. D. O'Neill, A. Huxley, J. Phys. Condens. Matter 32, 415602 (2020).

24.Y.lguchietal., Phys. Rev. Lett. 130,196003 (2023).

25. K. Ishihara et al., Nat. Commun. 14,2966 (2023).

26. L. Jiao et al., Nature 579, 523-527 (2020).

27. M. 0. Ajeesh et al., Phys. Rev. X 13,041019 (2023).

28.J.E.Hoffmanet al., Science 297,1148-1151 (2002).

29. T.Hanaguriet al., Physica C 460, 954-955 (2007).

30.M.P.Allanet al., Nat. Phys. 9, 468-473 (2013).

31. M.P.Allanet al., Science 336, 563-567 (2012).

32.P.0.Sprauetal., Science 357,75-80 (2017).

33.R.Sharmaetal., Proc. Natl. Acad. Sci. U.S.A. 117,5222-5227 (2020).

34.Q.Guetal., Nature 618,921-927 (2023).

35. A. Aishwarya et al., Nature 618,928-933 (2023).

36.S.Baeetal., Nat. Commun. 12, 2644 (2021).

37. Q.H.Wang, D. H. Lee, Phys. Rev. B 67, 020511(R) (2003).

38. M. H.Hamidian et al., Nature 532,343-347 (2016).

39.D. Cho, K. M. Bastiaans, D. Chatzopoulos, G. D. Gu, M. P. Allan, Nature 571, 541-545
(2019).

40.X. Liu, Y. X. Chong, R. Sharma, J. C. Davis, Science 372,1447-1452 (2021).

41. X. Liu, Y. X. Chong, R. Sharma, J. C. S. Davis, Nat. Mater. 20, 1480-1484 (2021).

42.S.M.O’'Mahony et al., Proc. Natl. Acad. Sci. U.S.A. 119, e2207449119 (2022).

43.W.Chenetal., Proc. Natl. Acad. Sci. U.S.A. 119, e2206481119 (2022).

44.S. Fujimoriet al., J. Phys. Soc. Jpn. 88,103701 (2019).

45.L.Miaoet al., Phys. Rev. Lett. 124,076401 (2020).

46.C. Broyles et al., Phys. Rev. Lett. 131,036501 (2023).

47. Q. Gu, Pair Wave Function Symmetry in UTe; from Zero-Energy Surface State Visualization
[Data set], version 2, Zenodo (2025); https://doi.org/10.5281/zenodo.15021425.

ACKNOWLEDGMENTS

We acknowledge and thank M. Aprili, C. Bena, J. E. Hoffman, E.-A. Kim, S. Kivelson,
A.P.Mackenzie, V. Madhavan, and C. Pepin for key discussions and guidance. Funding:
Research at the University of Maryland was supported by the US Department of Energy award
DE-SC-0019154 (sample characterization), the Gordon and Betty Moore Foundation’s EPiQS
Initiative through grant GBMF9071 (materials synthesis), NIST, and the Maryland Quantum
Materials Center. Research at Washington University in St. Louis was supported by National
Science Foundation (NSF) Division of Materials Research award DMR-2236528. SW. and
J.C.S.D. acknowledge support from the European Research Council (ERC) under award
DLV-788932. X.L. acknowledges support from the Department of Energy (DE-SC0025021).
Q.G., SW, J.PC. and J.C.S.D. acknowledge support from the Moore Foundation's EPiQS
Initiative through grant GBMF9457. J.C.S.D. acknowledges support from the Royal Society
under award R64897. J.P.C.,K.Z., and J.C.S.D. acknowledge support from Science Foundation
Ireland under award SFI 17/RP/5445. D.-H.L. was supported by the US Department of Energy,
Office of Science, Basic Energy Sciences, Materials Sciences and Engineering Division,
contract DE-AC02-05-CH11231, within the Quantum Materials Program (KC2202). Author
contributions: D.-H.L.and J.C.S.D. conceived of and supervised the project. S.R.,C.B.,S.S.,
J.AH., N.PB.,and J.P. developed, synthesized, and characterized materials; D.-H.L. provided
the theoretical motivation and the SIP model; Q.G., SW., J.PC.,K.Z.,and X.L. carried out the
experiments; Q.G., SW.,K.Z., and J.P.C. developed and implemented the analysis. J.C.S.D. and
D.-H.L. wrote the paper, with key contributions from SW., Q.G., K.Z., J.PC., and X.L. The paper
reflects contributions and ideas of all authors. Conceptualization: J.C.S.D.,D.-H.L., Q.G.;
Methodology: J.C.S.D., D-H.L., QG.; Materials: S.R.,,C.B.,S.S., JAH., N.PB., J.P; Investigation: Q.G.,
SW., J.PC.,K.Z.; Visualization: Q.G., SW., J.PC., K.Z.; Funding acquisition: J.C.S.D.,J.P,DH.L,;
Project administration: J.C.S.D.; Supervision: J.C.S.D., D.H.L.; Writing - original draft: J.C.S.D.,
D.-H.L.; Writing - review & editing: J.C.S.D.,D.-H.L,, SW.,K.Z,, J.PC., X.L., Q.G. Competing
interests: The authors declare that they have no competing interests. Data and materials
availability: All data are available in the main text, the supplementary materials, and in
Zenodo (47). License information: Copyright © 2025 the authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science. No claim to original
US government works. https://www.science.org/about/science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adk7219
Materials and Methods; Supplementary Text; Figs. S1to S8; Tables S1and S2;
References (48-54)

Submitted 15 September 2023; resubmitted 1 February 2024; accepted 2 April 2025
10.1126/science.adk7219

29 MAY 2025 Science



ATOMIC PHYSICS

Testing interelectronic interaction
in lithium-like tin

Jonathan Morgner*, Vladimir A. Yerokhin, Charlotte M. Kdnig,
Fabian HeiBe, Bingsheng Tut, Tim Sailer, Bastian Sikora,

Zoltan Harman, José R. Crespo Lépez-Urrutia, Christoph H. Keitel,
Sven Sturm, Klaus Blaum

Magnetic moments of bound-electron systems are a sensitive
tool for testing fundamental interactions. The g factors of
lithium-like ions have been rigorously studied in recent years,
enabling insights into the relativistic interelectronic effects. In
this work, we present the g-factor measurement of lithium-like
tin, accurate to 0.5 parts per billion, as well as abinitio
theoretical calculations that include an advanced treatment of
the interelectronic interaction. We further improved the
prediction by using the experimental result for the hydrogen-
like tin g factor, inferring from it the unknown higher-order
quantum electrodynamic (QED) effects. The observed
agreement independently confirms the revised theory at a
previously inaccessible high atomic number Z of 50, where QED
effects are considerably larger.

Quantum electrodynamics (QED) is the fundamental theory describing
the electromagnetic interaction of charged particles by exchange of
photons. It includes nonclassical effects such as vacuum polarization
and the electron’s self-energy. Such effects have been studied in a wide
variety of systems (I-6), subjecting the QED framework to rigorous scru-
tiny. Recently, the magnetic properties of lithium-like ions have raised
interest both in experimental (7-11) and theoretical research (12-16).
These ions are in many respects similar to hydrogen-like systems but
are substantially richer because of the interaction not only between
the electron and the nucleus but also among the electrons. Nonetheless,
their configuration is still simple, with a single 2s electron above a
tightly bound 1s” shell. This makes the electron-electron interaction
tractable within the QED theory so that theoretical predictions can
still challenge experiments to match their precision. Even more ad-
vantageous is to measure both the lithium-like and the hydrogen-like
charge states of the same element, which allows the theory to be en-
hanced further by eliminating unknown contributions that are corre-
lated in different electronic configurations. As a result, the comparison
of theory and experiment for a combination of the lithium-like and
the hydrogen-like charge states is capable of yielding enhanced tests
of bound-state QED (17) and possibly, in the future, an improved de-
termination of the fine-structure constant (18), as well as placing strin-
gent bounds on the coupling constants of beyond Standard Model
interactions (19).

Ab initio QED calculations of the g factor of lithium-like ions are
very cumbersome and have proved to be problematic in the past. In
particular, several advanced QED calculations (13, 14, 20) reported up
to five standard deviations from the experimental data on lithium-like
silicon (atomic number Z = 14) and calcium (Z = 20). Recently, a care-
ful reanalysis of the interelectronic QED effects in (15) found agree-
ment with the calcium experiment and a deviation of only 1.5¢ for
silicon. However, it will remain unclear whether the problem was fully
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resolved until a test of theory with a new measurement, ideally on a
lithium-like ion with a higher Z, is accomplished.

In this work, we report on a high-precision g-factor measurement
of the much heavier lithium-like system "8sn*"*, accompanied with its
ab initio QED calculation. The nuclear charge of tin with Z = 50 and,
correspondingly, the nuclear electric field are much higher than in the
previous g-factor measurements, testing the QED theory of bound
states in a very different regime.

QED theory of the lithium-like tin g factor

In ab initio bound-state QED theory, the g factor of the lithium-like
ion arises in the zeroth order from the interaction of the spin of the
2s valence electron with the external magnetic field. This explains why
it is numerically close to that of the free electron g,, which is known
with great accuracy both experimentally and theoretically (5, 21).
Therefore, we focused here on the so-called binding effects, which
result from the interaction with the nucleus and other electrons in the
atom. The largest binding contribution follows from the Dirac equa-
tion and was analytically described for the point nucleus (pnt) by
G. Breit in 1928 (22):

8gp(pt) = % [ 2(1+ \/1—(Zoc)2> —2] o

where Z is the atomic number and « is the fine-structure constant. In
addition, the g factor receives numerous smaller corrections from
QED, the electron-electron interaction, and finite nuclear size (FNS)
and mass. The contributions are summarized in Table 1, and the main
Feynman diagrams are shown in Fig. 1.

For convenience, we considered two classes of binding effects sepa-
rately: one-electron contributions induced exclusively by the valence
2s electron and the many-electron corrections caused by the interac-
tion with the other bound electrons. The dominant one-electron QED
corrections induced by the one-loop electron self-energy and vacuum
polarization have been extensively studied and can be calculated very
accurately (12, 23, 24). The effects of the FNS and mass are also well
under control (25, 26). However, the two-loop QED corrections are far
more challenging. Despite much attention in recent years (27-32), a
large part of the two-loop QED effects is calculated only within the Za
expansion. For tin with Za ~ 50/137 ~ 0.36, the expansion is poorly
converging and the uncertainty on the two-loop QED contribution is
therefore rather large. However, in a previous investigation (33), the
missing two-loop effects for the 1s state of hydrogen-like tin were
isolated experimentally. This allowed us to use the rescaled experi-
mental two-loop QED correction to reduce the uncertainty of the theo-
retical prediction for the lithium-like ion.

What makes the calculations of the g factor of a lithium-like ion
truly challenging is the presence of multiple electrons. An accurate
theory of the interelectronic effects in the atomic g factor requires a
systematic treatment of the nonlocal electron-electron interaction,
which is possible only within QED. The QED perturbation expansion
is formulated in terms of Feynman diagrams containing the exchange
of one, two, three, and so on virtual photons between the electrons.
The resulting multitude of diagrams is divided into two classes: those
without radiative loops, called electron-structure corrections, and
those with self-energy or vacuum-polarization loops, called QED-
screening corrections (see Fig. 1). Rigorous calculations of the two-
photon electron-structure and one-photon QED screening diagrams
have recently become possible and were carried out without any ex-
pansion in the parameter Za (13-15, 20, 34). In this work, we refined
that approach, leading to improved accuracy. In particular, the numeri-
cal precision for the self-energy screening correction for Z = 14 and
20 (15) has been improved by a factor of 10, which removed one of the
dominant errors in the theoretical predictions (see supplementary
materials). This improvement was made possible by using a highly
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Table 1. Theoretical values. Shown are the binding corrections to the g factor of
1185047+ along with the total theoretical values, with and without the “enhancement”
by the experimentally measured two-loop effects (see text).

Effect Value (x 108 )
Dirac, point nucleus -23,181.721
Dirac, FNS 2.040(3)
Electron structure 1,192.179 (7)
One-loop QED 23.977(1)
Two-loop QED -0.107(33)
Two-loop QED, enhanced -0.080(6)
QED screening -1.076(8)
Nuclear recoil 0.172(1)
8.(5, 21) 2,002,319.304361
Siheo 1,980,354.769(35)
8iheo (€Nh) 1,980,354.797(12)

Electron Structure

s 2 g &8 =8
I T 3

Dirac

one photon two photon three photon
One-electron QED
one-loop SE one-loop VP two-loop SESE two-loop S(VP)E

QED screening

T3 : N
27 36 f

SE + two photon VP + one photon VP + two photon

% NS
SE + one photon

Fig. 1. Main Feynman diagrams describing the g factor of a few-electron ion.

The double lines denote the bound electrons, the wavy lines represent the virtual
photon exchange, and the wavy lines terminated by a triangle indicate the interaction
with the external magnetic field. SE, self-energy; VP, vacuum polarization.

accurate Green-function representation of electron propagators and
including in it 2.5 times more partial waves than in the previous
computation.

With the leading electron structure and QED screening effects ac-
curately calculated, the source of theoretical uncertainty shifts to
higher-order interelectronic effects, which presently cannot be calcu-
lated rigorously to all orders in Za. The magnitude of these effects has
previously been underestimated. These effects were responsible for
the deviations of theory and experiment for silicon and calcium
(13, 14, 20), as argued in (15), where they applied recursive perturba-
tion theory (35) and obtained approximate results for the correspond-
ing corrections for silicon and calcium. In this work, we used the
nonrelativistic QED (NRQED) approach to evaluate them to the lead-
ing order in Za with a very high numerical accuracy (supplementary
materials).

The crucial point now is to estimate the theoretical uncertainty stem-
ming from the omitted higher-order in Za interelectronic effects. We did
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this by varying the zeroth-order approximation, namely by including the
so-called screening potential (approximately describing the interaction
with core electrons) in the zeroth-order Dirac equation. Our uncertainty
estimates are based on the spread of results obtained with different
screening potentials; see supplementary text for details.

Adding all the binding effects and the well-established value of the
free-electron g factor (5, 21), we obtained the total theoretical predic-
tion for the g factor of "®sn*"* as

Sineo = 1.980 354 769(35) ©))

As can be seen from Table 1, in our calculations we were able to
compute the interelectronic effects with the absolute error of 8 x 107°
so that the dominant theoretical uncertainty now comes from the
one-electron two-loop QED effects. This is in sharp contrast to previous
measurements of lighter lithium-like ions (7, 20), where the theoretical
predictions were limited by the electron-structure effects.

The ab initio prediction (Eq. 2) can be further improved if we use
the two-loop QED contribution extracted from the recent measure-
ment of the g factor in hydrogen-like tin (33) and scale it to the lithium-
like electron case. This procedure is similar to the specific difference
used to reduce uncertainties from nuclear-size contributions that
behave similarly in different charge states of the same element (36).
Performing the scaling conversion (supplementary materials), we ob-
tained an “experimentally enhanced” theoretical prediction

Gineo(eN1h) = 1.980 354 797(12) 3)

with three times smaller uncertainty than the purely theoretical value
(Eq. 2). Because the problematic higher-order two-loop QED effects
are about eight times smaller for the lithium-like ions than for the
corresponding hydrogen-like configuration, we achieved in total a
relative prediction accuracy of 6 x 10, a 25-fold improvement over
the hydrogen-like case.

Experimental measurement of the g factor

For the high-precision measurement, the ions are produced externally
in an electron beam ion trap, where electrons are stripped from the
nucleus by electron impact ionization. The highly charged ions are
transported into the ALPHATRAP Penning trap apparatus through
a room-temperature beamline. In this case, hydrogen-like tin was
captured, and subsequent charge exchange, specifically double elec-
tron capture, resulted in lithium-like tin. In the Penning trap, a
strong magnetic field By ~ 4 T in the ALPHATRAP apparatus confines
a single ion to a cyclotron orbit, allowing us to perform nondestructive
Penning trap spectroscopy (37). The gyromagnetic ratio, or g factor
of the spin 1/2 particle, is determined by measuring its Larmor pre-
cession frequency v, together with By; the two quantities are con-
nected by the relation

8 e
v=_—-—258, (4)

4t m,
Where — is the electron charge-to -mass ratio. By is measured via the
cyclotron frequency v, = = BO, where £ 1s the charge-to-mass ratio
of the ion. Combined, thlS results in

vLgm,
=9 =22
8 v.eM (5)

Therefore, to determine the g factor we measured the ratio :—L =TI'yand
combined it with the literature values for the other parameters (33, 38).

In addition to the magnetic radial confinement, an electrostatic field
traps the ion in the axial direction (see Fig. 2A). As a result of the
optimized electrode geometry, the ion motion can be described by a
close-to-perfect harmonic oscillator within a large region of the trap.
Along the magnetic field lines, the ion oscillates with an axial fre-
quency v.. The ExB drift caused by the applied electric field slightly
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Fig. 2. Schematic and results of the experiment. (A) The precision measurement takes place in two separate traps, between which the ion is shuttled by adiabatic
transport. In the precision trap, the electric field is extremely harmonic and the magnetic field is as homogeneous as possible, which are optimal conditions for precision
spectroscopy. In the analysis trap, the center electrode is made of a ferromagnetic material that produces a large magnetic field inhomogeneity, allowing nondestructive
detection of the spin state (40). (B) The frequency data taken in the analysis trap during the g-factor measurement. Because the likelihood to drive a spin flip (see main
text) is only 50%, no frequency change is observed half of the time. When a spin flip occurs, the frequency is 300 mHz larger or smaller, corresponding to the distributions
at +300 mHz and —300 mHz. Based on the direction of the change, the current (and prior) spin orientation is determined. a.u., arbitrary units. (C) Fit to the recorded
spin-flip data. The resonance consists of 330 individual measurement points, shown at the top and bottom for successful and unsuccessful attempts, respectively. The black
scattered dots are a binned set of the data, shown for better visualization. The red line is the fitted curve, and the gray band shows its 1o confidence interval. The gray

vertical lines show the 1o confidence intervals of T'stat. ppb, parts per billion.

modifies the frequency of the cyclotron motion, and an additional
magnetron motion with frequency v_ appears. The resulting particle
trajectory is shown in the inset of Fig. 2A. The three eigenmodes—
modified cyclotron, axial, and magnetron—are related to the free-
space cyclotron frequency by the invariance theorem, which shows
that errors caused by misalignment of the electric and magnetic
fields are cancelled, and the motions are connected via the equation
v = v + v + v_? (39). The axial frequency is measured via the
femtoampere image current induced in the surrounding electrodes.
It is transformed into a measurable voltage by a superconducting
tank circuit that interacts with the ions when in resonance, resulting
in energy exchange and, consequently, thermalization of the axial
motion to the temperature of the detector at 5.7(2) K. In this case,
the Fourier spectrum of the detector signal shows a distinct dip at
the mode frequency, which can then be determined from fitting. The
cyclotron and magnetron frequencies are measured with the same
detector using radio-frequency quadrupole fields, which couple the
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modes. As the frequency hierarchy in a Penning trap is typically
V_ <V, <V, 0. is mostly dependent on the frequency v, of the modi-
fied cyclotron motion. Frequencies of the 118147+ jon are shown
in Fig. 2A. To determine the ratio of Larmor to cyclotron frequency
I'p, we measured v, and simultaneously irradiated a microwave.
When the ratio of the irradiated microwave frequency vyw and the
measured v, are in resonance with I'g, the transition is driven, and
the electron spin can change its orientation. To detect such a spin
flip nondestructively, we used the continuous Stern-Gerlach effect
(40). In the nearby analysis trap, a large magnetic bottle field exerts
a force on the magnetic moment of the ion. Depending on the spin
orientation with respect to the magnetic field, the ion becomes “low-
field seeking” or “high-field seeking.” Thus, a spin flip results in a
shift of the axial frequency (see Fig. 2B):

(6)
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where 7 is the reduced Planck’s constant. The magnetic bottle strength,
B, ~ 43 %, is the second-order magnetic field coefficient B(2) = By +
8222 +... in the analysis trap; in this trap, the axial frequency is
v, ~ 334 kHz; and the change of the spin magnetic quantum number
Am, = +1depends on the initial spin orientation. Figure 2A highlights
the magnetic field lines in the analysis trap, where a direct high-
precision measurement of I'y is not possible because of the magnetic
field inhomogeneity. Therefore, we measured I'y in the precision trap
using the double-trap technique (4I). The magnetic field in this trap
is much more homogeneous. Combined with an excellent harmonicity
of the electrostatic trapping field, systematic effects in this trap are
quite small and under better control (supplementary materials). The
double-trap setup for the measurement is shown in Fig. 2A; the mi-
crowaves are injected through a millimeter waveguide into the setup,
irradiating all traps with the electromagnetic wave.

The measurement sequence of Iy follows the one presented in (33).
The particle is continuously shuttled between the two traps. First,
we determined its spin state in the analysis trap. To achieve this with
high fidelity, we set the axial oscillation frequency in resonance with
the detector circuit by changing the voltage applied to the electrodes.
We then measured the motional frequency, followed by irradia-
tion of a high-power microwave to try to change the spin state. This
drive quickly loses coherence and has a roughly 50% chance of flip-
ping the spin in the analysis trap. The axial frequency is measured
again to detect a possible spin flip, observable as a jump in frequency
after the microwave irradiation. We used a phase-sensitive technique
to measure the axial frequency jump as described in (42), which al-
lowed the spin state to be read quickly. Figure 2B shows the fre-
quency readings of the spin-state detection during the measurement
run with a measured shot-to-shot stability of about 24(1) mHz. A spin
flip shifts the frequency by about 300 mHz (Eq. 6). This, together
with averaging over four phase measurements, results in extreme-
ly low error rates in state detection. After state determination, the
sequence continues in the precision trap, where the motional ei-
genfrequencies are measured. During the v, measurement, the
microwave field at frequency vyw is applied, chosen with a random
offset to the expected Larmor frequency. We then checked in the
analysis trap whether the spin state was flipped by this drive.
Repeating the cycle, which takes on average 20 min, at different
ratios I' results in a probability histogram, shown in Fig. 2C. A
total of 330 I' ratios were probed, and 31 resulted in successful
spin flips. Using a maximum-likelihood analysis, we determined
the center to be Iyt = 4526.89426668(20). Correcting this for
systematic effects as shown in Table 2, we extracted a measured
value for the frequency ratio:

Ty = 4526.894 265 905(191)4, (107)q, %)

The treatment of systematic effects is summarized in the supple-
mentary materials. This follows the full discussion as given in (33),
which uses very similar trap parameters, resulting in nearly identical
systematic shifts and effects. Using Eq. 5, the literature value of the
electron mass (38), and the ion mass reported in (33), corrected by the
two additional electrons and binding energies (43), we determined the g
factor of the lithium-like tin ion as

Gexp = 1.980 354799 750(84) 5 (47) (944 ey 8)

The numbers in parentheses are the 1o confidence intervals of the
statistical, systematic, and external uncertainties, respectively. The
external uncertainties are dominated by the ion mass uncertainty,
which presently limits the experimental accuracy. It is also feasible to
improve the precision of the mass value by more than an order of
magnitude and consequently enhance the precision of the measured
g factor (44-46).
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Table 2. Error budget of I'g and g. Following (33), additional shifts and uncertainties
are smaller than 1 parts per trillion (ppt), and thus insignificant here. Blank cells
indicate the contributions without an associated shift.

Parameter Shift (ppt) Uncertainty (ppt)
= v /v, error budget:
v_measurement 4.2
Relativistic shift (49) 21.8 4.4
Image-charge shift (50) 148 75
v, line shape 22
Statistical uncertainty 42
g—factor error budget:
Total I" uncertainty 44
Electron mass (38, 51) 29
18Sn#7* mass (33, 43) 475

Discussion and outlook

Experimental data were blinded at the time of the theory evaluation.
The observed agreement between experiment and theory (Egs. 2, 3,
and 8) is an important step forward because it consolidates the
improvement of the most recent g-factor calculations over previous
theoretical studies, which repeatedly reported results inconsistent
with measured values (13-15, 20). Our results provide a crucial test
of sophisticated many-body QED calculations performed for a much
higher nuclear charge Z than previously accomplished, thus probing
the nontrivial bound-state QED effects scaling as Z* to a markedly
greater extent. Furthermore, the agreement of the enhanced theo-
retical value (Eq. 3) with the experiment implicitly checks the con-
sistency of the experiments on hydrogen-like and lithium-like tin
and their theory.

The improved precision of the theoretical prediction allowed us
to clearly resolve the electron-structure and QED screening effects
and to test the advanced calculations in the so-far-unexplored regime
of medium- to high-Z ions. In the future, measurements of heavier
lithium-like systems such as 2°®Pb7* and the expected progress in
two-loop QED calculations will explore with even higher precision
the regime of the strong electric fields reachable with highly charged
ions. The advanced theoretical methods developed in this work for
the description of interelectronic QED effects can be applied to cal-
culations of g factors of more complex ions [boron-like, carbon-like
(9, 47)], parity-nonconserving transition amplitudes in neutral atoms,
and other effects (48).
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NANOMATERIALS

Resiliency, morphology, and
entropic transformations in
high-entropy oxide nanoribbons

Hessam Shahbazi®, Pardis Seraji', Husam Farraj2, Taimin Yang?,
Allen Kim*, Seyyedfaridoddin Fattahpour®, llias Papailias®,
Matthew Diamond’t, Shahriar Namvar’, Alireza Ahmadiparidari’,
Shuxi Wang"8, Zhenxian Liu’, Shihui Feng®, Khagesh Kumar?,
Muhtar Ahart’, Jordi Cabana?, Sara Kadkhodaei®, Junlan Wang*,
Zhehao Huang®**, Russell J. Hemley?”'%* Amin Salehi-Khojin*

We present the successful synthesis and characterization of a
one-dimensional high-entropy oxide (1D-HEO) exhibiting
nanoribbon morphology. These 1D-HEO nanoribbons exhibit
high structural stability at elevated temperatures (to 1000°C),
elevated pressures (to 12 gigapascals), and long exposure to
harsh acid or base chemical environments. Moreover, they
exhibit notable mechanical properties, with an excellent
modulus of resilience reaching 40 megajoules per cubic meter.
High-pressure experiments reveal an intriguing transformation
of the 1D-HEO nanoribbons from orthorhombic to cubic
structures at 15 gigapascals followed by the formation of fully
amorphous HEOs above 30 gigapascals, which are recoverable
to ambient conditions. These transformations introduce
additional entropy (structural disorder) besides configurational
entropy. This finding offers a way to create low-dimensional,
resilient, and high-entropy materials.

High-entropy alloys (HEAs), which contain five or more metallic ele-
ments, can exhibit superior wear resistance, thermal stability, and
mechanical strength (I-5) compared with conventional alloys, and
since their discovery, high-entropy carbides (6-1I), nitrides (12), sul-
fides (13, 14), and oxides (HEOs) have been developed (15-18). The
latter feature complex compositions of multiple metal cations and
oxygen anions in equimolar fractions for stability (19, 20). Stabilizing
such multicomponent structures is challenging because it requires
sufficient temperature (T) and entropy (S) contributions (-TdS) to coun-
teract the enthalpy contributions (dH) and achieve favorable free
energy (21).

To date, only a limited range of single-phase HEOs has been synthe-
sized; most materials undergo compositional segregation into multiple
phases driven by variations in element size, electronegativity, and
complex oxidation state (16, 22-30). This segregation can cause struc-
tural instability, especially under extreme conditions, such as high
temperature, high pressure, harsh chemical environments, and me-
chanical wear (27, 31). Various synthesis techniques have been explored
for HEOs, including mechanical milling to synthesize pyrochlore phase
(Lag.sNdg2Smg o Eug oGdg 2)2Zr,07 (32, 33), carbothermal shock to syn-
thesize rocksalt (Co,Cu,Mg,Ni,Zn)O (34, 35), flame spray pyrolysis to
synthesize spinel (Mn,Fe,Ni,Cu,Zn)304 (19, 36), chemical solution depo-
sition to synthesize orthorhombic (Bis 95Lag75)(Tiz_sxZryHfxSny)O1s (37),

and sol-gel to synthesize perovskite Sr(Lag oProoNdgoSmg 2SrgoMn)Os.s
(38). All of these methods yield single-phase nanoparticle morphology,
though phase stability was often unexamined, and some showed seg-
regation at high temperatures (39-41).

In this work, we report an approach for synthesizing (MoWNbTaV)
03 HEO material that has a characteristic one-dimensional (1D) na-
noribbon morphology (hereafter referred to as 1D-HEO) and investi-
gating these dimensionally confined HEO nanostructures. We attained
precise control over the HEO ribbon width and fine-tuned it across
two orders of magnitude (from 60.0 + 15.3 nm to 15.0 = 2.6 pm).
These nanoribbons exhibit outstanding resilience under extreme con-
ditions and remarkable mechanical properties. Notably, they exhibit
a pressure-induced transformation from orthorhombic to cubic fol-
lowed by the formation of fully amorphous HEOs at elevated pressures
(above 30 GPa), which are recoverable to ambient conditions. These
transformations introduce structural disorders, adding to the system’s
configurational entropy.

There is currently no established benchmark for the performance
of HEOs under extreme conditions, which would greatly benefit other
studies in evaluating these materials for various applications. Our
material shows excellent resistance to extreme temperatures, extreme
pressures, and harsh chemical environments. Potential applications
for this material include settings where heat resistance, pressure toler-
ance, durability under mechanical loads, and resilience in corrosive
environments are critical; additional implications are described in the
supplementary materials, section S1.

Synthesis and characterization

A multielement equimolar 2D sulfide, serving as both the reactant and
substrate for the growth of 1D-HEO nanoribbons, was selected from
groups V and VI because of their similar atomic characteristics and
positive mixing enthalpy (13). Figure 1A shows the scanning electron
microscopy (SEM) image of the multielement sulfide precursor,
(MoWNbTaV)S,, with hexagonal-shaped morphology (see the supple-
mentary materials, section S3, for the synthesis and table S1 for details
on the crystal structure information). The energy-dispersive spectros-
copy (EDS) mapping confirmed a homogeneous distribution of all ele-
ments shown in fig. S1. We did not observe any signs of preferential
segregation in samples. Transmission electron microscopy (TEM) re-
sults, shown in fig. S2, further confirmed that a single-phase solid solu-
tion hexagonal structure of (MoWNDbTaV)S, formed with the space
group of P6s/mmc) P-3ml.

Figure 1B illustrates the schematic of the temperature profile for
synthesizing 1D-HEO in air through the oxidation of 2D sulfide precur-
sors. The precursor was placed inside a ceramic crucible within an
open-ended tube furnace with the temperature profile consisting of
three steps, including a heating ramp rate of 2°C/min from room tem-
perature (RT) to 900°C, an isothermal step at 900°C for 3 hours, and
a final cooling ramp of 5°C/min to RT. This process differs from all the
reported multielement oxides, which typically use mixtures of unary
oxides as the precursor. Figure 1C shows the SEM image and corre-
sponding EDS mapping of the synthesized nanoribbon 1D-HEO mor-
phology. The atomic percentage of each transition metal element and
oxygen for the synthesized 1D-HEO, measured by x-ray photoelectron
spectroscopy (XPS), was Mo: 4.49, W: 6.60, Nb: 5.29, Ta: 5.40, V: 4.11,
and O: 73.86, representing all of the transition metal elemental peaks
in the spectra to be in a nearly equimolar ratio and agreement with
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Fig. 1. Transformation pathway from 2D precursor to 1D-HEO. (A) SEM-EDS of the precursor material: 2D sulfide precursor (MoWNbTaV)S,. (B) Synthesis temperature
profile. (C) SEM-EDS of the as-synthesized material: 1D-HEO (MoWNbTaV)03. The EDS mapping region in the SEM image is outlined by a yellow dashed line. (D to H) SEM images
of 1D-HEO at different temperatures showing the grains formation and vertical growth of 1D-HEO on top of 2D sulfide precursor flakes. (1) The Wulff shape constructed from the
attachment energies for the 2D sulfide precursor with hexagonal crystal shape, color-coded by the attachment energies. (J) The attachment energies for the 1D-HEO crystal,
color-coded by the attachment energies. (K) The Wulff shape constructed from the attachment energies for the 1D-HEO crystal, color-coded by the attachment energies.

(L) SEM images from the side and the top of the 1D-HEO, showing the nanoribbon morphology. (M) Powder diffraction pattern of as-synthesized 1D-HEO at ambient temperature

with fit to the orthorhombic P2;2;2 space group. Blue dots display the measured data, the

red line is the refinement model fit, and tick marks (teal short vertical lines) represent

the model peak positions that correspond to the hkl indexing. a.u., arbitrary units. (N) In situ XRD at different temperature stages during the transition from the 2D sulfide

precursor to 1D-HEOQ.

EDS results (detailed results provided in the supplementary materials,
section S3; figs. S7 and S8; and table S4).

Growth control

Experiments were conducted to elucidate the morphological evolution
during synthesis, revealing detailed information about the growth
mechanism of the nanoribbons. The synthesis process was set at iso-
thermal steps of 450° 600°, 750°, and 900°C (denoted by the black
dots in Fig. 1B) followed by natural quenching to RT in an air atmo-
sphere. The SEM results showed that after heating to 450°C (Fig. 1E),
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the 2D sulfide precursor acted as both substrate and precursor for the
growth of (MoWNDbTaV)O3;. The process began with the formation of
honeycomb-shaped grains on top of the hexagonal planes of the 2D
sulfide precursor (see lower-magnification SEM images in the supple-
mentary materials, section S3, and figs. S12 and S13). At 600°C (Fig.
1F), these honeycomb grains acted as nucleation sites to initiate verti-
cal growth of the 1D-HEO.

At 750°C (Fig. 1G), the 2D sulfide precursor was consumed, resulting
in a mat of 1D nanoribbons, and by 900°C (Fig. 1H), layered stacks
of nanoribbons had grown together (Fig. 1, D to H). We performed an
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EDS analysis to determine the O/S ratio during the transition from
2D sulfide precursor to 1D-HEO. As the temperature increased from
25° 10 450°C, 20% of the S atoms in the structure were replaced by O
atoms. After the temperature reached 600°C, the oxidation acceler-
ated, and >80% of S had been replaced by O. Finally, at and above
750°C, all S atoms were substituted by O atoms (100%). The nanorib-
bon morphology is clearly observed in Fig. 1L, where the SEM images
of the side and top of the 1D-HEO are presented.

We used the Wulff construction to predict the crystal shape of the
HEO and sulfide precursor (more details are provided in the supple-
mentary materials, section S4). The surface energy (SE) crystal pre-
dicted the shape of the sulfide precursor as a relatively thick polygon
(fig. S37C). By contrast, the attachment energy (AE) crystal shape was
a much thinner hexagonal disk (Fig. 1I), consistent with the results of
Fig. 1A. However, as shown in Fig. 1K, the AE crystal shape of HEO
was elongated in one direction, which is in good agreement with the
SEM images shown in Fig. 1C.

By contrast, the SE predicted a crystal shape that was less elongated
(fig. S37A). Notably, facets such as (1,2,1), (1,2,0), and (1,0,1) that form
a large area of the SE crystal shape disappeared from the AE crystal
shape, whereas the (1,0,0) facet increased to form >50% of the SE
crystallite shape area, as shown in fig. S38 (supplementary materials).
This difference was caused by the (1,0,0) facet exhibiting the lowest
AE of 0.146 J while also having the lowest SE of 0.193 J/m? among
other facets (Fig. 1J and fig. S38, A and B), which implies a strong
preference for nucleation and growth of the facet. The (0,0,1) facet,
although having SE as small as that of (1,0,0), had a larger AE, which
hindered its growth, resulting in a decrease of its area fraction from
SE to AE (fig. S39, A and B). A facet such as (1,2,1) had an SE value
near that of the lowest SE facet; however, its AE was much higher,
completely suppressing its growth, and thus it disappeared in the AE
crystal shape. Thus, the AE crystal shape prediction, which included
growth Kinetic factors, effectively and accurately replicated the rib-
bonlike shape of the HEO crystallites observed in the SEM images.

The xray diffraction (XRD) result of the HEO in ambient condi-
tions is shown in Fig. 1M. We performed Le Bail refinement, reveal-
ing an orthorhombic P2;2,2 space group with lattice parameters
a =12.2078(3) A, b = 36.504(1) A, ¢ = 3.9393(2) A, and V = 1755.5(1)
[where the last digit in parentheses indicates the standard uncer-
tainty (+) in the last digit], with an R factor of 0.0964 and a goodness
of fit of 1.08. The structure was similar to the tungsten bronze-type,
as reported for Nb;sWigOg4 (42). The green lines in the figure illus-
trate the region selected for the temperature-variable in situ XRD
(Fig. IN). The characteristic diffraction peaks of 2D sulfide precursor
were observed at 20 degrees of 6.75° 14.5° 16.25° 17.7° and 20.1°,
represented by red dots at the bottom of the plot. The corresponding
(MoWNDbTaV)O3 peaks appeared at 7.6° 9.5° 10.75°, 11.75°, 12.5°, 14.1°,
14.6° 14.9° 16.25° 17.1°, 17.3° 19.5° 21.25°% and 22° represented by
blue dots at the top of the plot (Fig. 1M). The 2D sulfide precursor’s
XRD peaks remained up to 300°C. As the temperature increased to
450°C, small peaks correlated with the 1D-HEO crystal start to stand
out. By increasing the temperature to 600°C, 1D-HEO peaks became
more dominant, and at 900°C, the 2D sulfide precursor peaks disap-
peared. These results verified a complete transition from 2D sulfide
to 1D-HEO.

Figure 2, A to C, demonstrates approximately two orders of magni-
tude of control over the width of nanoribbons (from 60.0 + 15.3 nm
to 15.0 + 2.6 pm) by altering the isothermal step temperature and
heating ramp rate. For these experiments, two different isothermal
temperatures (900° and 1200°C) and two different heating ramp rates
(2° and 5°C/min) were chosen. To rule out the effect of the cooling rate,
all samples were cooled down at the same rate of 5°C/min. Analysis
of 50 individual ribbons of each synthesis condition indicated that
increasing the isothermal temperature from 750° to 1200°C with a heat-
ing ramp of 2°C/min resulted in width increase from the nanometer
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scale (60 nm) to the micrometer scale (1 pm), reaching tens of microm-
eters (15 pm) at 1200°C. However, increasing the ramp rate from 2° to
5°C/min with the same isothermal temperature of 900°C reduced the
width from the micrometer scale (1 pm) down to 280 nm. Also, our
results (shown in fig. S5) indicated that as the holding temperature
increased from 750° to 900° and 1200°C, the ribbon lengths grew from
the nanometer scale (69 nm) to tens of micrometers (12.9 pm) and even-
tually to hundreds of micrometers (138.9 pm), respectively. Increasing
the heating rate from 2° to 5°C/min at 900°C resulted in a length in-
crease from a median of ~4.7 pm to ~12.9 pm.

Figure 2D shows that the width and thickness of one single na-
noribbon isolated through mechanical exfoliation process were 150 nm
and 80 nm, respectively. The TEM image and electron diffraction
pattern in Fig. 2E confirmed that the material had a ribbonlike mor-
phology and that the growth direction of the nanoribbon was along
the ¢ axis. The scanning transmission electron microscopy (STEM)-
EDS spectrum (figs. S15 and S16) showed that the material contains
W, Ta, Nb, Mo, and V with uniform distribution at the atomic scale.
To determine the crystal structure, a three-dimensional electron dif-
fraction (3DED) combined with atomic-resolution STEM image was
acquired. From the 3DED data, the 3D reciprocal lattice (Fig. 2G)
was reconstructed to obtain the unit cell of the crystal. The unit cell
parameters were @ = 12.26(9) A, b = 36.66(26) A, and ¢ = 3.94(3) A.
This structure was reported by Sleight et al. (42) but only for a subset
of these elements. The space group P2,2,2 was deduced from the
systematic absence viewed from the slice of lattice planes (Fig.
2G). The high-angle annular dark-field (HAADF)-STEM image was
acquired along the [101] zone axis (Fig. 2F), revealing a flat [010]
exposed surface of our nanoribbons. The magnified HAADF image
shows the arrangement of atomic columns with the same direction,
which corresponded well with the structure model determined by
3DED (see fig. S17 for enhanced visualization).

We also conducted 3DED experiments after oxidation to evaluate
the structure of 1D-HEO at both RT and 700°C. By analyzing the data
using least squares refinement (table S6), we identified a small amount
of oxygen vacancies in the structure, as indicated by the red circles in
fig. S23. The oxygen occupancy was found to be 0.88(17) at 25°C and
0.71(9) at 700°C. Considering that the total molecular weight of atoms
in the unit cell is 5551.09, and only four oxygen atoms experienced a
decrease in occupancy from 0.88 to 0.71, it showed a total weight loss
of <0.3%, consistent with the thermal stability tests of the material.

The structure was composed of six coordinated metal atoms as well
as five coordinated metal atoms that resulted from oxygen deficiency.
From the structure, we also obtained the stoichiometry for this mate-
rial, which is M;9O96 (Where M = W, Ta, Nb, Mo, or V). This value was
consistent with the XPS results discussed above. Figure 2H shows the
visualization of the structure obtained from the crystallographic in-
formation file (CIF). Figure 2H also illustrates the oxide crystal struc-
ture with partial occupancies at metal sites, as approximated by the
virtual crystal approximation (VCA). The crystal unit cell consisted of
128 atoms, with metal atoms occupying the 32c¢ and 2b Wyckoff posi-
tions and oxygen at the 2b and 92¢ Wyckoff sites. Figure S3 is a similar
illustration of the 2D sulfide precursor crystal structure for compari-
son. The crystal unit cell consisted of 48 atoms, with metal atoms
occupying the 16d Wyckoff positions and sulfur at the 32f Wyckoff sites.

Material properties

We studied the thermal and chemical stability as well as the mechani-
cal properties of the synthesized 1D-HEO. The thermal stability of the
1D-HEO nanoribbons was first examined using thermogravimetric
analysis (TGA) in the air atmosphere with a heating ramp of 10°C/min
from RT to 1000°C (supplementary materials, section S2). The results
presented in Fig. 3A indicate the absence of noticeable volatile content
or sharp weight loss up to 1000°C and confirmed the material’s ther-
mal stability with negligible weight loss (<1%). These results aligned
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500 nm

Fig. 2. Growth control and structural characterization of 1D-HEO. (A to C) SEM images showing the overall morphologies of the sample synthesized at 1200°C (A) and 900°C
(B) with the ramp rate of 2°C/min and the morphology of the sample synthesized at 900°C with the ramp rate of 5°C/min (C) (inset plots show width distributions). (D) Atomic
force microscopy (AFM) image and size measurement plot of single nanoribbon (MoWNbTaV)Os. (E) TEM image showing the overall morphologies of the sample. The inset
shows the corresponding diffraction pattern. (F) HAADF-STEM images taken along the [101] direction, with the corresponding fast Fourier transform (FFT) displayed in the
bottom right inset. Top right inset shows a magnified HAADF image, aligned well with structure model. (G) Reconstructed 3D reciprocal space of 1D-HEO. (H) Visualization of the

1D-HEO structure along the ¢ and b axes.

with the TEM results in Fig. 2 that there was no evidence of phase
segregation or the formation of minor phases. Furthermore, powder
XRD and SEM-EDS analyses in Fig. 1 confirm the presence of only a
single detected phase, with no indication of side reactions. No new
phase formation or decomposition was detected, consistent with the
high thermal stability of 1D-HEO described earlier. This stability was
also consistent with the TGA results in air (Fig. 3A).

Additionally, high-temperature in situ TEM experiment results in-
dicated that the electron diffraction patterns at 700°C (the highest
achievable temperature in the TEM chamber) were similar to those
collected at RT (Fig. 3C). We also obtained 3DED data at 450° and
600°C. From the reconstructed 3D reciprocal lattice, the unit cell pa-
rameters were @ = 12.38 A, b = 36.64 A, ¢ = 3.91 &, a = 89.77% B =
90.97% and y = 90.38° for 450°C and @ = 1241 A, b = 36.77 A, c = 3.92 A,
a = 90.03°% f = 90.24° and y = 90.88° for 600°C. Compared with the
unit cell parameters of @ = 12.38 A, b = 36.62 A, ¢ = 3.88 A, o = 90.04,
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B =89.99% and y = 90.07° at 25°C, the differences are within the sys-
tematic error of the measurement. In addition, the reflection condi-
tions at each temperature were deduced to be the same (figs. S18 to
S21). Thus, it can be concluded that the structure of the 1D-HEO re-
mained the same during the annealing process. Also, the unit cell,
space group, and atomic coordinates at high temperatures remain the
same as those obtained at RT (table S6). Details are provided in the
supplementary materials, section S3.

To assess the resilience of the 1ID-HEO material under chemically
harsh conditions, we performed XRD and XPS analyses before and
after placing the samples in acidic media (5 mM H,SO,4, pH = 2.3) and
basic media (0.IM NaOH, pH = 13) for 7 days. XRD results shown in
fig. S24 indicated that no new phases form after 7 days. SEM-EDS of
the samples shown in Fig. 3D demonstrated no elemental distribution
change or morphological transformation either. The XPS results also
verified that the chemical composition of 1D-HEO remained nearly
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Fig. 3. Thermal, mechanical, and chemical stability of 1D-HEO. (A) TGA data of 1D-HEO sample at the temperature range of 25° to 1000°C. The blue line shows stability in
the air, and the red line illustrates the temperature profile throughout the experiment. (B) High-temperature XRD data showing the stability of 1D-HEO between 25° and 1000°C.
(C) Electron diffraction patterns collected at RT and 700°C. (D) Morphological and chemical stability after remaining in basic media (pH = 13, 0.1 M NaOH) and acidic media
(pH = 2.3,5 mM H,S04) for 7 days. The EDS mapping region in the SEM image is outlined by red lines. (E and F) Hardness versus contact depth comparing 1D (MoWNbTaV)03
with IN718, Ti6AIV4, and GPCop-84 (E) and reduced modulus (inset) and resilience modulus of 1D (MoWNbTaV)03 compared with IN718, Ti6AIV4, and GPCop-84 (F).

unchanged upon long exposure to acidic and basic chemical environ-
ments (table S4 and figs. S8 to S10).

To further verify the stability results, inductively coupled plasma mass
spectrometry (ICP-MS) measurements were performed after 1, 3, 5, and
7 days in the acidic and basic media (results presented in tables S8 and
S9, respectively) before and after each experiment, and only traces of
metals were detected [<5 parts per million (ppm) for acidic and <13 ppm
for basic media] (supplementary materials, section S3). To elaborate on
the source of HEO stability in highly corrosive environments, STEM
results (Fig. 2F) indicated that the exposed surface of the HEO nanorib-
bon was super flat at the atomic scale, indicating the absence of surface
defects. Also, the atomic-resolution STEM image agreed perfectly with
the structural model solved from 3DED, further confirming large areas
without defects (Fig. 2F, insets).

We performed nanoindentation experiments to determine the me-
chanical properties (hardness and elastic modulus) of the 1D-HEO.
For comparison, three additional additively manufactured aerospace
high-temperature alloys of GRCop-84, Inconel 718, and Ti-6Al-4V were
tested under the same ambient conditions and an indentation load of
3000 pN. Figure 3E shows the hardness values for the tested samples
as a function of contact depth. Measured hardness for the HEO ranges
from 8.3 GPa at 75 nm to 6.89 GPa at 100 nm of indentation depth
for 1D-HEO, and average values of 1.74, 2.79, and 4.76 GPa for the
GRCop-84, IN718, and Ti-6Al-4V alloys, respectively. The inset of Fig. 3F
shows the reduced modulus results as a function of contact depth, with
average values of 70.3 GPa for 1D-HEO and 62.2, 91.9, and 146.7 GPa,
respectively, for the IN718, GRCop-84, and Ti-6Al-4V.

Hardness measures resistance to permanent and localized plastic
deformation, and the reduced modulus represents the stiffness of a mate-
rial in response to an applied load. Our 1D-HEO single nanoribbon dis-
played markedly high hardness compared with the three aerospace
alloys tested under identical conditions, indicating strong resistance to
plastic deformation (supplementary materials, section S3). This high
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hardness would make it ideal for wear resistance by preventing abrasion
and cutting action, which otherwise lead to material loss (43).

Also, the combination of high hardness and moderate modulus
properties suggested that these materials would have a high modulus
of resilience, which is a measure of materials’ capacity to absorb energy
and recover from deformation without permanent failure (44). As
shown in Fig. 3F, the modulus of resilience was 40 MJ, /m3 for 1D-HEO,
whereas for GRCop-84, IN718, and Ti-6Al-4V, the values were 1.95,
7.43, and 9.14 MJ/m?, respectively. The 1D-HEO showed a notably high
modulus of resilience compared with the three high-temperature aero-
space alloys (20 times as high as GRCop-84, 5 times as high as Inconel
718, and 4 times as high as Ti-6Al-4V) (supplementary materials, section
S3). We also performed bond length, charge density distribution, and
electron localization function (ELF) calculations using density func-
tional theory (DFT). These calculations suggest that the high mechanical
hardness of the HEO stems from its complex, heterogeneous (mixed ionic-
covalent) bonding environment (supplementary materials, section S4).

To further understand the thermodynamic properties and stability
of the material, we performed a series of high-pressure experiments
using diamond-anvil cells (DACs) to >30 GPa. High-pressure synchro-
tron XRD was performed on 1D-HEO samples loaded in DACs with
and without a pressure-transmitting medium. The RT diffraction pat-
terns of the 1D-HEO samples changed with increasing pressure. At
lower pressures, high-quality XRD patterns were readily measured
with samples of an Ar pressure medium, and data could fit with the
initial P2;2;2 orthorhombic structure. Pressure-volume (P-V) relations
revealed pressure-induced first-order structural transitions with a
large volume discontinuity at 15 GPa and gradual disordering leading
to an amorphous HEO above 30 GPa (Fig. 4A). The intensities of
the low-angle peaks (20 < 3°) decreased, broadened, and were lost
by 15 GPa (Fig. 4, B and C). The remaining peaks broadened with pres-
sure, becoming diffused and indistinct at the highest pressure of the
experiments (fig. S30).
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Fig. 4. High-pressure experiments on the 1D-HEO. (A) P-V EOS obtained from XRD of a 1D-HEO sample in an Ar medium at 300 K. The results show the pressure-induced
first-order structural transition from the orthorhombic to the disordered cubic phase at 15 GPa and the transition to an x-ray amorphous phase above 30 GPa. The lines show the
results of Vinet et al. (51) EOS fits to ambient pressure-volume (Vo), bulk modulus (Ko), and bulk modulus pressure derivative (Kq'). Notably, the EOS of the initial phase shows an

unusual negative curvature, with best-fit values of Vo = 446(1) A3/formula unit, Ko = 177(15) GPa, and a K¢’

= —5(2) for the initial phase. The EOS fit for the high-pressure cubic

phase gave Vo = 862 A3/formula unit (fixed), Ko = 47(17) GPa, and a Ko’ = 5(3), where the errors are larger because of the use of a fictitious reference volume at ambient
pressure. (B) Examples of in situ XRD for 1D-HEO in an Ar medium. The 5.8-GPa pattern shows the Le Bail model fit to an orthorhombic structure with P2;2;2 space group
consistent with the ambient pressure results; the results show the broadening and loss of 1D-HEQ peaks, in contrast to the Ar (pressure medium) and W gasket peaks, which
persist to the highest pressures (orange and purple indices). (C) Details of (B), showing loss of low-angle peaks at 15 GPa on compression of the 1D-HEQ in an Ar medium. We
associate this pressure-induced disordering and gradual loss of superlattice reflections along b with the strongly negative value of the Ko’ (D) P-V data obtained from XRD with
(blue) and without (red) pressure-transmitting medium. Decompression data (hollow red) are reported for the nonhydrostatic experiments. In the data without a pressure
medium, compression of the unit cell is not observed until ~7 GPa [the stress measured at the anvil surface by Raman scattering (52)], at which point the porosity of the sample
disappears and the strong HEO ribbons begin to deform and compact. (E) A stress-quenched sample that had been uniaxially compressed shows evidence of grain compaction

(becoming transparent and developing the ability to fracture) owing to uniaxial stress.

The quasihydrostatic, nonhydrostatic, and direct uniaxial com-
pression experiments thus provide insight into the material perfor-
mance and mechanical response (Fig. 4, B and D). The nonhydrostatic
and uniaxial compression experiments produced plastic deformation in
the samples, which increased entropy in this already high-entropy
material. The deformation characterized by an initial loss of long-range
crystalline order (Fig. 4C) followed by further structural disorder, in-
dicated that the building blocks of the wolfram bronze structure, which
can be a1 x 9 x 3 superlattice of the structural unit of the wolfram
bronze (45), ultimately broke down at pressures of 30 GPa. Altogether,
the results indicate that compression introduces additional entropy
in the 1ID-HEO—i.e., the structural disorder in the oxide in addition
to the configurational entropy arising from the disorder of the metal
cations resulting in the formation of amorphous HEO material.

These compression measurements on 1D-HEO thus reveal notable re-
sults, beginning with the disordering of the Sleight structure, consistent
with the anomalous equation of state (EOS) with its negative K'. This
disordering was followed by a first-order transition to a cubic phase,
akin to structures found in other complex oxides, occurring near 15 GPa.
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The large volume change together with the changes in unit cell size and
lattice parameters documented by the XRD indicated that the transi-
tion is first order and reconstructive. For such pressure-induced transi-
tions, the mechanism would be nucleation and growth (46). This cubic
phase further disordered on compression, ultimately leading to the for-
mation of a fully xray amorphous HEO around 30 GPa (45, 47). Notably,
this behavior differs substantially from what has been reported with
other HEOs under pressure (48, 49).

We also note that the XRD data obtained for the 1D-HEO with and
without a pressure medium appeared to follow a completely different
trend, which is the stress measured at the anvil-sample interface and
not that experienced by the bulk of the material, which was not com-
pacted. This difference between hydrostatic and nonhydrostatic data
(Fig. 4C) arose from the collapse of void space in the highly porous
needlelike sample (i.e., without the pressure medium). The difference
between the two curves is a measure of the compressive strength of the
1D-HEO material, which is indeed high (e.g., >5 GPa, where the sample
begins to compress in Fig. 4C). The results are consistent with the hard-
ness values obtained above (6.89 GPa). This conclusion was supported
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by the optical microscopy of a sample in Fig. 4E that showed the rib-
bonlike texture of the 1D-HEO transformed into a consolidated mass of
material when subjected to uniaxial compression. Moreover, the state
of the material persisted in recovery to ambient pressure at RT (Fig. 4E).

Loss of crystalline order was also observed in the sample without a
pressure medium. At the highest pressures of these experiments (16 GPa),
a broad amorphous band developed below the sample diffraction
peaks. This sample also exhibited amorphization in the side concentric
region, first observed at 11 GPa and remaining during subsequent
compression and decompression. The appearance of the amorphous
features in the xray data coincided with the onset of partial optical
transparency viewed with backlit illumination between 12 and 16 GPa
from a stereo microscope (fig. S31). Although the ambient sample ap-
peared dark and optically opaque, these images showed a brown iris-
like glassy region that grew with increasing pressure before darkening.
The results were consistent with higher compaction of the sample in
the higher-pressure radial region of the sample.

To examine the optical properties, including possible changes in
bandgap and potential metallization under pressure, we also measured
the infrared absorption of the 1ID-HEO in DACs using synchrotron
radiation (50). These measurements showed that despite the opaque
appearance of the material (figs. S31, S35, and S36), there is no evi-
dence for bandgap closure at ambient or the pressure range investigated.
In fact, the changes in the optical properties of the material described
above were not intrinsic to the material but arose from substantial
changes in light scattering owing to pressure-induced changes in
sample texture and porosity.

Discussion

We successfully synthesized and comprehensively characterized
(MoWNbDbTaV)03, a 1D-HEO with nanoribbon morphology. The 1D-HEO
demonstrates notably high structural stability up to 1000°C, 12-GPa
pressure, and harsh chemical environments (pH = 2.3 and 13 for 7 days).
It also exhibits notable wear resistance and mechanical properties,
with a resilience modulus of 40 MJ/m?® and a hardness of 6.89 GPa.
High-pressure experiments reveal a transformation near 15 GPa, form-
ing a cubic HEO, and further transition to amorphous HEO at higher
pressures, suggesting a previously unknown class of high-entropy ma-
terials. This combination of high hardness and high modulus of resil-
ience would make our 1D-HEO an ideal candidate for applications that
require high wear resistance, high energy absorption, and shock resis-
tance. These findings also offer a way to create resilient materials for
diverse applications in challenging environments.
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SOLAR CELLS

Vapor-assisted surface
reconstruction enables
outdoor-stable perovskite

solar modules

Xiangnan Sun't, Wenda Shi?t, Tianjun Liu®, Jinzhan Cheng?,
Xin Wang*, Peng Xu?, Wei Zhang!, Xiaoming Zhao'*, Wanlin Guo'*

Natural illumination variations in light-dark cycles induce
irreversible ion migration in perovskite solar cells, posing
substantial challenges to their long-term outdoor operational
stability. We addressed this issue by isolating defective
octahedra at the perovskite surface using a vapor-deposited
polydentate ligand. Surface octahedra isolation suppresses ion
migration into the charge transport layer and reduces surface
ionic defects, modulating the kinetics of ion migration during
light-dark cycles. Our 785-square-centimeter industrial-scale
perovskite solar modules achieved a power conversion
efficiency (PCE) of 19.6%. Our modules demonstrated enhanced
diurnal stability, retaining more than 97% of their initial PCE
even after 101 light-dark cycles at 50°C. Our perovskite modules
maintained stable power output during 45 days of outdoor
operation under severe summer conditions, exhibiting stability
comparable with that of the reference silicon cell.

During the past decade, perovskite solar cells (PSCs) have experienced
rapid advancements in certified power conversion efficiency (PCE) up
to 27%, which approaches the level of commercial silicon-based solar
cells (7). In terms of fabrication costs, PSCs are projected to be ap-
proximately half the cost of crystalline silicon-based solar cells (2, 3).
However, their long-term operational stability has yet to meet the
necessary requirements for photovoltaic products, presenting chal-
lenges for commercialization (4-8). This issue is particularly pro-
nounced for industrial-scale solar modules, for which achieving
scalable stability remains a formidable task. In addition, most studies
have focused on the long-term aging behavior of laboratory-scale PSCs
under constant indoor light conditions, but addressing the outdoor
stability of industrial-scale perovskite solar modules (PSMs) is essen-
tial before this technology can be commercialized (9).

Under operating conditions, PSCs experience light-dark cycles that
result in both reversible and irreversible performance losses during
cyclic operation (10-12). The inherently soft ionic crystal structure of
perovskites renders their ionic bonds relatively weak, making them
susceptible to the formation of ionic defects within the perovskite
lattice. Furthermore, the low activation energy required for ion migra-
tion makes these defects prone to movement under operational condi-
tions, ultimately compromising the device’s life span (12-14).

In PSCs, both reversible and irreversible ion migrations occur, with
the latter resulting from mobile ions migrating from the perovskite
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layer into the charge transport layer or electrode under combined
aging stressors. This migration can lead to permanent damage to de-
vice performance (15, 16). To mitigate irreversible ion migration, the
main strategies used in small-area unit cells are passivating surface
defects to reduce the number of mobile ionic channels (5, 17) and in-
serting a barrier layer at interfaces to suppress ionic motion (16, 18).
Studies indicate that the [PbIG]‘*_ octahedra near the perovskite surface
are typically more defective than those in the crystal interior, making
these regions particularly vulnerable to irreversible halide ion migra-
tion (19, 20). For large-area PSCs, ion migration within the perovskite
absorption layer must be limited. Isolating the defective octahedra
and simultaneously reducing ionic channels through reconstructing
the perovskite surface structure would contribute to enhancing the
outdoor operational stability of perovskite solar modules.

In this study, we isolated ion migration within the perovskite ab-
sorption layer by reconstructing the perovskite surface into a zero-
dimensional (0D) structure, in which [PbIs]*~ octahedra are separated
by a vapor-deposited polydentate ligand. This modification effectively
blocked the migration of iodide ions into the charge transport layer
and reduced surface ionic defects, modulating the kinetics of ion mi-
gration during light-dark cycles. Additionally, this vapor-phase post-
treatment facilitated large-scale stabilization of the perovskite surface.
The surface octahedra isolation strategy enabled us to fabricate small-
area unit cells (active area = 0.16 cm?) and large-area PSMs (aperture
area = 785 cm?) with efficiencies of 25.3 and 19.6%, respectively. Our
solar modules demonstrated enhanced diurnal stability with projected
Tgo lifetimes (time to 80% of efficiency remaining) of 2478 cycles,
which is equivalent to more than 6.7 years under light-dark operation
at 25°C. Encouragingly, after 45 days of outdoor operation under real-
world conditions, our PSMs exhibited stability comparable with that
of a commercial silicon solar cell, underscoring our PSMs’ viability for
practical applications.

Surface octahedra isolation

The concept of perovskite surface octahedra isolation is illustrated in
Fig. 1A. To reconstruct the perovskite surface into a 0D framework in
which [PbIs]*~ octahedra are separated from one another, we treated the
preformed FAPbI; perovskite film with vapor-deposited 2,2':6’,2'-
terpyridine (Tpy), a polydentate ligand that forms the OD framework
(Tpy)sPbls when mixed with Pbl, (fig. S1). We have previously demon-
strated that vapor-phase fluoride treatment enables the large-scale sta-
bilization of perovskite films (9).

To further enhance the mildness of the reaction and address instru-
ment limitations for practical production, we used vapor deposition
of Tpy for large-scale stabilization of the perovskite films (supplemen-
tary text 1 and fig. S2). Grazing-incident wide-angle x-ray scattering
(GIWAXS) patterns (Fig. 1B) showed a new reflection emerging on
FAPDI; films (referred to as “pristine”) after Tpy treatment (referred to
as “isolated”), corresponding to the (020) reflections of 0D (Tpy),Pbls.
Increasing the incident angle of the x-ray beam resulted in a decrease
in the relative intensity of this reflection (Fig. 1C), suggesting that the
emerging 0D structure preferentially formed on the FAPbI; surface,
which was further verified with transmission electron microscope im-
ages that showed 0D (Tpy)sPbls on the surface of FAPbI; perovskite (fig.
S3) (21). From scanning electron microscopy (SEM) images (fig. S4),
evident pinholes were observed on the surface of the pristine film. After
the surface octahedra isolation treatment, these pinholes were nearly
eliminated, resulting in a more uniform and dense morphology. The
emerging 0D structure at the perovskite surface remained stable under
combined light and thermal stressors, showing no substantial changes
after 900 hours of aging under 1-sun illumination at 85°C (fig. S5).

We performed x-ray photoemission spectroscopy (XPS) measure-
ments to probe the perovskite surface chemistry after the surface treat-
ment. The Pb 4f (Fig. 1D) and I 3d (fig. S6) peaks both shifted to higher
binding energies after the surface octahedra isolation, indicating a
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strong interaction between Tpy and [PbIg]*" that contributed to the
increased stability of the octahedra. We used time-resolved photolu-
minescence (TRPL) to study the charge-carrier dynamics in pristine
and isolated perovskite films. The decay lifetime of the perovskite films
increased from 133.7 to 532.6 ns after treatment, signifying fewer non-
radiative recombination centers in the isolated perovskite films (fig.
S7A). Upon depositing an electron transporting layer (ETL), the iso-
lated sample showed a faster decay than that of the pristine sample,
suggesting that surface octahedra isolation enhances interfacial charge
extraction (fig. S7B) (22). Density functional theory (DFT) calculations

Defective octahedra

revealed that the formation energies of most typical defects near the
perovsKite surface increased after the surface octahedra isolation treat-
ment (fig. S8A). Furthermore, the activation energy of ion migration
for the isolated sample (0.68 eV) was substantially higher than that for
the pristine sample (0.43 eV), as determined by fitting the temperature-
dependent electrical conductivity (Fig. 1E). This experimental result
was in good agreement with the findings from the DFT calculations
(fig. S8B). These results indicate that ion migration was effectively
suppressed in the perovskite films subjected to the surface octahedra
isolation treatment.

Less ionic defects
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Fig. 1. Perovskite surface octahedra isolation. (A) Schematic illustration of surface octahedra isolation. (B) GIWAXS patterns of FAPbI; film (“Pristine”) and FAPblI3 film
treated with Tpy (“Isolated”) taken at an incident angle of 0.10° (surface-sensitive). (C) Azimuthally integrated GIWAXS traces collected on pristine and isolated samples at
incident angles of 0.10° (more surface-sensitive) and 0.30° (less surface-sensitive). (D) XPS Pb 4f spectra and (E) temperature-dependent conductivity of pristine and

isolated films.
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Photovoltaics and stability of the devices

To evaluate the impact of surface treatment on solar cell performance,
we fabricated single cells with an active area of 0.16 cm? and large-area
modules with aperture areas of 186 cm? (10 subcells) and 785 cm? (46
subcells), respectively. Photovoltaic characterization of representative
as-fabricated devices is shown in Fig. 2, A and B, and figs. S9 to S15
and listed in tables S1 and S2, with population statistics shown in figs.

S16 to S20. For small-area devices, the champion isolated device
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open-circuit voltage (VVoc) of 1.18 V, and a fill factor (FF) of 0.83, result-
ing in a PCE of 25.3%, compared with 23.0% for the champion pristine
device. The surface treatment enabled reduced ideality factor from
1.66 to 1.21 (fig. S21), decreased density of trap states from 3.74: x 10"
to 1.57 x 10" cm™® (fig. $22), and greatly lowered shallow defects by
an order of magnitude (fig. S23). These results illustrate the beneficial
impact of surface octahedra isolation treatment in decreasing defect
density and suppressing nonradiative recombination, accounting for

the enhanced solar cell performance.
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Fig. 2. Device performance and stability. (A) J-V characteristics of 0.16-cm? pristine and isolated solar cells. (B) I-V characteristics of the champion solar modules with an
aperture area of 785 cm?. (Inset) The module photograph. The substrate dimensions are 30 by 30 cm, which corresponds to a total area of 900 cm?. The aperture area
(illuminated region) is specifically 785 cm?, whereas the active area (electrically functional portion) measures 730 cm?. The geometric fill factor (GFF; the ratio between the

active area and the aperture area) is calculated to be 0.93. (C) Normalized PCE and (D)

selected cycles of encapsulated pristine and isolated PSMs operating under 12-hour

light-dark cycling at 50°C. Data points are derived from one representative device for each condition. (E) Normalized initial PCE for each cycle (the starting PCE of each cycle
normalized to the starting PCE of the first cycle) for isolated PSMs operating under 12-hour light-dark cycling at temperatures of 25°,50°, 65°, 85°, and 95°C, respectively. Data

points and error bars indicate average values and standard deviations calculated from t

hree devices at each temperature. The PSMs were encapsulated. The relative humidity

during these tests was maintained at 45 + 7%. (F) Degradation rate k obtained from linear fits to PCE degradation versus 1/kgT, where T is the aging temperature and kg is the

Boltzmann constant. The fitted value for the device operating at 25°C was not included
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because it exhibited no clear degradation trend over the entire 101 cycles.
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Vapor-phase treatment facilitated large-scale stabilization of the
perovskite surface. The 186-cm? isolated modules exhibited a cham-
pion aperture-area PCE of 20.2% (fig. S13) with a Voc of 11.3 V, a Jsc
0f 2.29 mA em™2, and an FF of 0.78, outperforming the pristine module
with champion PCE of 17.4% (fig. S14). Current density-voltage (I-V)
characteristics and the photograph of as-fabricated 785 cm? solar mod-
ules are shown in Fig. 2B. We achieved an aperture-area PCE of 19.6%
(Voc =501V, Isc = 399 mA, and FF = 0.77), which corresponds to an
active-area PCE of 21.1% (geometric FF = 0.93). This result indicates
that our surface treatment strategy is scalable and offers an opportu-
nity for improving the industrial-scale PSMs.

To maximize the simulation of the real-world operational condition,
we conducted diurnal cyclic aging (12 hours light and 12 hours dark)
at 50°C following the International Summit on Organic PV stability
(ISOS) light-dark 1 protocol. As shown in Fig. 2C, the pristine module
remained only ~55% of its initial PCE after 20 light-dark cycles,
whereas the isolated module exhibited reversible PCE losses and re-
taining over 97% of its initial PCE even after 101 light-dark cycles at
50°C, which represents one of the most stable PSCs operating under
light cycling (fig. S24- and table S3) (10, 11, 23-32). The stability of the
pristine device closely resembles the current state of the art in the
literature when fabricated at a small area, with much of the instability
in these pristine devices attributed to area scaling (fig. S25 and
table S3).

We further performed detailed analysis for PCE evolution in repre-
sentative cycles (Fig. 2D). In the first cycle, the pristine module showed
slight irreversible PCE loss. As the number of cycles increased, the
pristine module continued to suffer from more pronounced fatigue
behavior. By contrast, the isolated module maintained nearly stable
power output throughout the test, implying that the surface octahedra
isolation strategy inhibited irreversible degradation during light-
dark cycles.

To determine a meaningful lifetime for our isolated PSMs at the
standard temperature, we conducted thermally accelerated aging stud-
ies following methodologies outlined in previous reports (4, 6, 9).
These PSMs underwent aging at their maximum power point under
1-sun illumination with 12/12-hour light-dark cycling at 25° 50°, 65°,
85° and 95°C, respectively. The evolution of the normalized initial
PCEs (the starting PCE of each cycle normalized to the starting PCE
of the first cycle), averaged from three PSMs at each temperature, is
depicted in Fig. 2E. The trends for normalized Jsc, Voc, and FF are
shown in fig. S26. The initial PCEs of the PSMs are summarized in
tables S4 and S5.

The PCE degradation was temperature dependent and was fitted to
a linear function, except for the data acquired on modules operating
at 25°C, for which no appreciable PCE degradation was observed (Fig.
2E). The temperature-dependent degradation rates were further plot-
ted as a function of the inverse temperature, which we fitted to an
Arrhenius temperature-dependence model (Fig. 2F) (4, 6, 33-35). The
degradation rates could be effectively described by a single Arrhenius
function across the entire temperature, suggesting that a consistent
degradation mechanism operates throughout this range —a prerequi-
site for a reliable accelerated aging test (36). With this analysis, we
obtained a degradation activation energy (E,) of approximately 0.41 eV.

To extract a meaningful degradation rate at standard operating con-
dition, ks, from the accelerated degradation rate at high tempera-
tures, kacc, we calculated the acceleration factor (AF) (33)

k E, (1 1
AF - - - eXp [_a < - >] !
kref kB Tref Tacc ( )

where T, and Tref represent the temperatures during aging at acceler-
ated and standard operating conditions, respectively; the latter is de-
fined to be 25°C under 1-sun illumination with 12/12-hour light-dark
cycling. The calculated AF is approximately 21 at 95°C.
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‘With this comprehensive dataset, we can extract the Ty lifetime for
isolated PSMs operating at the standard temperature of 25°C. On the
basis of the Tgo of 118 cycles extrapolated for PSMs operating under
12/12-hour light-dark cycling at 95°C, and with an AF of 21, we estimated
an intrinsic Ty lifetime of 2478 cycles (equivalent to over 6.7 years) for
our isolated PSMs under 12/12-hour light-dark cycling at 25°C.

Outdoor aging tests

Encouraged by the results from diurnal cyclic aging tests, we aimed
to evaluate the reliability of our solar modules under real-world out-
door conditions. Collecting outdoor data from multiple climates is an
essential step in the commercialization of PSCs because variations in
outdoor temperature, relative humidity, solar radiation intensity, and
the cycling of these factors substantially affect the stability of the
devices. We tracked the power output of our isolated PSMs under
real-world conditions, following the ISOS outdoor O-2 protocol. To
maximize the resistance of our solar modules to external stressors, we
developed a multilayer encapsulation technique, with further details
provided in the supplementary materials, materials and methods.
A photograph of the encapsulated 785 cm® module is provided in
Fig. 3A, and the encapsulation schematic is illustrated in Fig. 3B. In
Fig. 3, C and D, we present outdoor data recorded on a rooftop test
field during a high-irradiance summer period in Suzhou, China, for
our modules under tracking. During this field test, a commercial
polysilicon solar cell was also studied under the same conditions for
comparison.

As shown in Fig. 3, C and D, the encapsulated module maintained
a fairly constant power output after being placed in the outdoor envi-
ronment for more than 45 days during the relatively high-temperature
and -humidity summer period. To track outdoor stability, we used the
performance ratio (PR) metric, which is the ratio between the pro-
duced and expected power over 1 day or cycle (32, 87, 38). The PR
values of the perovskite module were closely comparable with those
of the Si reference cells during the 45 days of operation, implying
comparable operational stability to the reference Si cell. Using another
metric—midday power ratio—produced qualitatively similar results
(fig. S27). Temperature-dependent analyses suggest that Si cells exhib-
ited a relatively stronger response to temperature changes as com-
pared with that of perovskite modules (fig. S28). This difference may
be attributed to the reported lower temperature coefficient of PSCs
compared with Si cells (32, 39).

As shown in Fig. 3, E and F, the daily trends in outdoor PCE
(PCEqutdoor) remained consistent: It decreased from morning to midday
and then slightly recovered from midday to evening, likely owing to
the drop in temperature (fig. S28). We observed that the daily decay
of PCEquta0or recovered overnight, as illustrated by trends over 5 se-
lected days (Fig. 3E). Similar photovoltaic parameter recovery has been
observed for PSCs (40, 4I) and perovskite-Si tandem solar cells (Z8).
Our observed pattern mirrored our indoor light cycling studies, which
also showed reversible performance degradation over consecutive days
caused by overnight recovery.

To evaluate the performance of our perovskite module before and
after outdoor operation, we compared its PCE tested under standard
test conditions (STC). After 45 days of outdoor exposure, the PCE value
(19.5%) was nearly identical to that measured before operation (19.6%)
(Fig. 3F). This comparison further confirmed that there was no ap-
preciable degradation of our solar modules after 45 days of outdoor
operation. Furthermore, our modules also demonstrated stability com-
parable with that of Si cells after 18 days of operation in winter condi-
tions (fig. S29).

Stabilization mechanism

To explore the underlying mechanism behind the enhanced stability
induced by the isolated octahedra, we analyzed the photolumines-
cence (PL) evolution in both pristine and isolated perovskite films
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under a 12/12-hour light-dark cycling regimen (Fig. 4A). During the first
cycle, the pristine sample exhibited rapid PL decay during the initial
12 hours of continuous light exposure, whereas the isolated sample
demonstrated only a slight decline in PL intensity under the same condi-
tions. The decrease in PL intensity during light-dark cycling has been
attributed to illumination-induced ion migration within the perovskite
films (42). After the dark recovery period, the PL intensity of the isolated
sample nearly fully returned to its initial level. By contrast, during the

subsequent cycles, the pristine sample exhibited a continuous decrease
in PL intensity. This observation indicated that iodide ions underwent
irreversible migration toward the perovskite surface as the duration of
illumination increased (10). By contrast, the isolated sample exhibited
negligible PL degradation throughout all the cycles.

‘We conducted a detailed analysis of the first four cycles (Fig. 4B).
In the first cycle, the PL intensity of the pristine sample recovered to
>98% of its initial value during the 12-hour dark resting period,
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Fig. 3. Long-term outdoor stability. (A) Photograph of the encapsulated 785-cm? module. (B) Schematic representation of the encapsulation. (C) Outdoor power output of the
encapsulated PSMs and the Si reference cell under real-world conditions (ISOS-0-2), including PR values. The time interval for PR calculation was set to 1 day (for example, the
PR value for the first day of exposure is plotted on the x axis as 1). Temperature here refers to the measured module temperature. (D) Selected data over 3 consecutive days.

(E) Diurnal variation of PCEqytdoor for perovskite modules over 5 days, recorded from 7 a.m. to 7 p.m. (F) J-V characteristics of the PSM before and after 45 days of outdoor
operation. The PCE measurements were conducted under STC.
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implying a self-healing behavior associated with reversible ion migra-
tion. However, in subsequent cycles, the pristine sample exhibited
noticeable fatigue behavior, with residual PL intensities decreasing as
the number of cycles increased. The PL intensity of the isolated sample
effectively retained its initial value after four cycles.

We further performed time-of-flight secondary-ion mass spectrom-
etry (TOF-SIMS) analysis to investigate the compositional variations
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of fresh pristine and isolated solar modules before and after dark re-
covery (figs. S30 and S31). In the transition from the fresh pristine
device to the pristine device after operation under light, the I" ion
intensity exhibited a prominent change, with a sharp increase at the
ETL-electrode interface and a decrease at the perovskite-ETL inter-
face. This observation implies the migration of iodine species from
the perovskite to the ETL. The migration of iodine species and the

24 36 48 60 72 84 96108
Time (hours)

0 12

Aged Rested

Fig. 4. Degradation mechanism. (A) Normalized PL intensity of pristine and isolated perovskite films with time. The samples were aged in nitrogen atmosphere under
12/12-hour light-dark cycles at 50°C. The light intensity is 100 mW cm™2. PL spectra were measured every hour. (B) PL degradation and recovery dynamics of four cycles for
pristine and isolated perovskite films. (C and D) STEM-EDX mapping in the ETL layer of fresh, aged (60 cycles of 12/12-hour light-dark cycling at 50°C) and rested (12 hours in
dark at 50°C) (C) pristine and (D) isolated devices. (E and F) SEM images on the ETL layer of rested (E) pristine and (F) isolated devices. Scale bar, 10 pm.
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formation of iodide vacancies could induce nonradiative recombina-
tion centers, decreasing device performance.

After the dark resting period, the iodine distribution near the ETL-
electrode interface showed no substantial changes, whereas the iodine
distribution near the ETL-perovskite interface demonstrated a recov-
ery trend toward the original distribution observed in fresh cells.
When PSCs are allowed several hours to recover in the dark, the ionic
distribution returns to its initial state, making the device appear
“fresh” (10). These previous findings aligned with our observations
regarding iodide distribution near the ETL-perovskite interface, which
could account for the reversible loss in our PSCs. However, when iodine
migrated into the ETL, these highly corrosive iodine species could
react with or dissolve the ETLs and may also interact with the metal
electrode to form metal-halide compounds, such as metal iodides
(43, 44). Once this reaction occurred, the iodine species could not
return to the perovskite layer, which resulted in the irreversible loss
in our devices.

We then used scanning transmission electron microscopy with
energy-dispersive xray spectroscopy (STEM-EDX) to further investi-
gate the I element distribution on the surface of ETL layers by peeling
off the electrode from the fresh, aged, and rested devices, respectively.
Both fresh pristine and isolated samples detected no I signal (Fig. 4,
C and D). After operation, a mass of I” ions migrated into the ETL for
the pristine sample (Fig. 4C). These I signals did not vanish even after
the dark resting, implying the occurrence of irreversible I~ ion
migration.

From the SEM images, we observed that the pristine sample exhib-
ited obvious cracks and inhomogeneous surface morphology (Fig. 4E).
By contrast, there was no obvious I signal on the ETL surface of iso-
lated sample after light aging and dark resting (Fig. 4D). The surface
morphology of ETL was still uniform and dense (Fig. 4F), likely be-
cause of the substantial suppression of irreversible I” ion migration.
The mobile iodine species are extremely corrosive (43) and could react
with or dissolve ETL and create pinholes and nonuniformity in the
ETL (44). These results provided strong evidence that the surface oc-
tahedra isolation treatment effectively blocks the migration of iodide
ions from the perovskite layer into the ETL, contributing to enhanced
stability.

Discussion

We have developed a vapor-assisted surface reconstruction strategy
that achieves uniform stabilization of industrial-scale perovskite solar
modules. The isolated surface octahedra effectively inhibit the migra-
tion of iodide ions into the charge transport layer and reduce surface
ionic defects, minimizing irreversible degradation during light cycling.
Consequently, we achieved accelerated-aging-projected Ty, lifetimes
exceeding 6.7 years for our isolated solar modules operating under
12/12-hour light-dark cycling at 25°C, although other degradation
modes not considered here may emerge with continued testing. Under
relatively severe outdoor summer conditions, our isolated modules
show reversible performance recovery overnight and exhibit outdoor
stability comparable with that of commercial Si solar cells, indicating
their potential to meet industrial standards. We anticipate that our
findings will not only enhance the mechanistic understanding of mo-
bile ionic defects that lead to irreversible device degradation but also
facilitate the advancement of perovskite devices capable of meeting
the demands of real-world applications.
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SOLAR CELLS

Cgo-based 1onic salt electron
shuttle for high-performance

inverted perovskite solar modules

Shuai You't, Hongwei Zhu?t, Zhongjin Shen®t, Xiaoming Wang*,
Bingyao Shao?, Qingxiao Wang®, Jianxun Lu?, Youyou Yuan®,
Benjia Dak Dou®, Erin M. Sanehira®, Todd Russell®, Adam Lorenz®,
Yifan Dong?, Lei Chen', Marco Casareto’, Nicholas Rolston’,
Matthew C. Beard?, Joseph J. Berry®>'°, Marina Freitag®*,

Yanfa Yan**, Osman M. Bakr?*, Kai Zhu'*

Although buckminsterfullerene (Ceo) is usually the electron
transport layer (ETL) in inverted perovskite solar cells (PSCs),
its molecular nature leads to weak interfaces that result in
nonideal interfacial electronic and mechanical degradation. In
this study, we synthesized an ionic salt from Cgg, 4-(1',5'-
dihydro-1'-methyl-2'H-[5,6] fullereno-Cgo-/p-[1,9-c]pyrrol-2'-yl)
phenylmethanaminium chloride (CPMAC), and used it as the
electron shuttle in inverted PSCs. The CH,-NHs™ head group in
the CPMA cation improved the ETL interface, and the ionic
nature enhanced the packing, leading to a ~threefold increase in
the interfacial toughness compared with that of Cgo. Using
CPMAC, we obtained ~26% power conversion efficiencies
(PCEs) with ~2% degradation after 2100 hours of 1-sun
operation at 65°C. For minimodules (four subcells, 6 square
centimeters), we achieved a PCE of ~23% with <9% degradation
after 2200 hours of operation at 55°C.

Organic-inorganic hybrid metal halide perovskite materials have
successfully been used as light absorbers in efficient photovoltaic
devices (1-16). The inverted (p-i-n) perovskite solar cell (PSC) struc-
ture is attractive for commercialization because of its easy fabrica-
tion, low-temperature processability, and suitability for tandem
cells (17-31). The power conversion efficiency (PCE) of single-
junction inverted PSCs has exceeded 26% through advances in sol-
vent engineering, compositional tuning, interface optimization, and
defect passivation strategies (32-37). However, challenges related
to scalability and long-term operational stability are obstacles to
their commercialization.

Buckminsterfullerene (Cgo) is almost exclusively used in the electron
transport layer (ETL) structure for high-performance inverted PSCs,
as Cgo/bathocuproine or Cgo/SnOx (22). The latter with the SnOy (tin
oxide) deposited through atomic layer deposition (ALD) has become
the preferred approach for better stability and compatibility with tan-
dems. However, the molecular nature of the Cqq layer leads to a weak
interface and loose packing, and in turn, to nonideal interfacial

IChemistry and Nanoscience Center, National Renewable Energy Laboratory, Golden, CO,
USA. ?Division of Physical Science and Engineering, Center for Renewable Energy and Storage
Technologies (CREST), King Abdullah University of Science and Technology, Thuwal, Saudi
Arabia. 3School of Natural and Environmental Sciences, Newcastle University, Newcastle upon
Tyne, UK. “Department of Physics and Astronomy and Wright Center for Photovoltaics
Innovation and Commercialization, The University of Toledo, Toledo, OH, USA. SImaging and
Characterization Core Lab, King Abdullah University of Science and Technology, Thuwal, Saudi
Arabia. ®CubicPV, Bedford, MA, USA."School of Electrical, Computer and Energy Engineering,
Arizona State University, Tempe, AZ, USA. ®Materials Science Center, National Renewable
Energy Laboratory, Golden, CO, USA. °Renewable and Sustainable Energy Institute, University
of Colorado Boulder, Boulder, CO, USA. °Department of Physics, University of Colorado
Boulder, Boulder, CO, USA. *Corresponding author. Email: kai.zhu@nrel.gov (K.Z.); osman.
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properties and challenges for ALD-SnOy coating. These issues inevita-
bly limit device performance, especially long-term stability (38-42).

For example, the ALD-SnOy precursor is known to be reactive with
the perovskite surface or even to penetrate into the bulk material
(43, 44). A Cgp layer of around 20 nm (or thicker) is normally needed
to support ALD-SnOy coating (32, 43, 45). Efforts have been made to
address the Cgo/perovskite interface challenges, such as interlayer
strategies and Cgo functionalization (46-50). However, these strategies
focus on perovskite surface defect passivation, interfacial energetics
adjustment, or both, whereas the ETLs in these studies still rely on
Cgo molecules. Thus, these efforts do not address the fundamental
issue of the molecular nature of the Cg9 ETL.

In this study, we used N-methylglycine, tert-butyl 4-formylbenzylcarbamate
molecules, and hydrochloric acid to react with Cgo to form an ionic salt,
4~(1',5'-dihydro-1"-methyl-2'H-[5,6] fullereno-Cgo-Ih-[1,9-c]pyrrol-2’-yl)
phenylmethanaminium chloride (referred to as CPMAC). We further
used CPMAC salt as the electron shuttle in inverted PSCs and mini-
modules. This ionic salt layer fundamentally addressed the disad-
vantages of the molecular Cg( layer. Density functional theory (DFT)
calculation revealed that it is energetically preferred for the CH,-
NH;" heads in the phenylmethanaminium units to fill in formami-
dinium (FA) vacancies or replace FA ions on perovskite surfaces,
enabling ionic bonding between CPMA and the perovskite surface.
The ionic nature of CPMAC strengthens its interface and packing.
The strong electron-withdrawing Cgo unit in the CPMA cation helps
ensure that the CPMAC is an effective electron conductor. As a result
of these physical and chemical characteristics, a thin CPMAC layer
was used to support ALD-SnOy coating to construct an effective ETL.
The corresponding PSCs and minimodules using CPMAC show im-
proved PCE and stability compared with those using the conventional
Cgo layers.

Design concept

An ionic salt layer would need the same electron-withdrawing ability
but have enhanced ETL interface properties and packing. In our de-
signed CPMAC compound, the CPMA™ cation contains a CH,-NH;*
head with a structure similar to that of the methylammonium (MA")
cation. Our DFT calculations showed that CPMAC, reacting with the
FA-rich perovskite surface by replacing an FA™ cation with a CPMA™*
cation, lowered the surface energy by 0.375 eV. In comparison, CPMAC
reacting with MA* would lower the surface energy by 0.181 eV, whereas
reacting with Cs* would slightly increase the surface energy by 0.003 eV.
Thus, FA™ would be replaced preferably by CPMAC for mixed-cation
perovskites.

In comparison with Cgo, two interactions between CPMAC and
perovskite were expected. First, the CH,-NH3 " head could fill a FA*
vacancy, and the Cl™ anion could occupy an I vacancy, providing
double-defect passivation. Second, the CPMA™* cation could replace
an FA' cation on the surface, as expected from our DFT calculation, and
FA" and Cl~ would form a FAC] molecule, which could escape the
perovskite during annealing.

A comparison of Cgo/perovskite and CPMAC/perovskite interfaces
is shown in Fig. 1A. In both cases (filling a FA* vacancy or replacing a
FA™ cation), the CH,-NH;3 ' head in the CPMA™ cation would introduce
ionic bonding with the surrounding I anions on the surface. Thus, the
ionic nature of CPMAC could strengthen the CPMAC/perovsKkite inter-
face. It could also enable stronger packing of the CPMAC layer on the
perovskite and the use of a thinner CPMAC layer (~10 nm) versus ~20 nm
typically used for Cgo. In addition, the Cgo unit in CPMA™ facilitates elec-
tron transport, making the CPMAC layer both a strong and conducting
bridge to transfer electrons from the perovskite to external electrodes
in a device.

To synthesize CPMAC, we used the Prato reaction of Cgo with N-
methylglycine and tert-butyl 4-formylbenzylcarbamate to form the
intermediate (compound 1), which then reacted with hydrochloric acid
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Fig. 1. Design concept. (A) Comparison of Cgp and 4-(1’,5’-dihydro-1’-methyl-2’H-[5,6] fullereno-Cgo-I5-[1,9-c]pyrrol-2’-yl)phenylmethanaminium chloride (CPMAC) on their
different interactions with the perovskite surface. (B) Synthetic route of CPMAC. DCM, dichloromethane; THF, tetrahydrofuran; CHO, aldehyde group.

in a tert-butyl carbamate deprotection reaction to achieve the final
CPMAC compound (Fig. 1A and fig. S1). Both 1 and the final CPMAC
compound were characterized by 'H nuclear magnetic resonance
(NMR), *C NMR, and high-resolution mass spectrometry (figs. S2 to
S5). The ionic interaction between CPMAC and the perovskite surface
is consistent with the xray photoelectron spectroscopy measure-
ments in which the Pb 4f'peaks of the treated perovskite film shifted
toward a lower binding energy (by about 0.33 eV) compared with
the control film (fig. S6).

Structural and optoelectronic properties

We compared the grazing-incident wide-angle x-ray scattering
(GIWAXS) studies of the perovskite films without and with CPMAC
coating, respectively (fig. S7). No additional Laue rings were observed,
indicating that the introduction of CPMAC did not induce perovskite
phase change. However, the apparent changes in diffraction intensity
and growth orientation of the perovskite from the existing Laue rings
indicated interactions between CPMAC and the perovskite compo-
nents. The one-dimensional (1ID) GIWAXS results demonstrated a
decreased scattering vector g-value, corresponding to an increased
lattice d-spacing of perovskite (fig. S7). These results were consistent
with the chemical interaction between CPMAC and perovskite in the
surface region.

Photoluminescence (PL) mapping images of perovskite films with-
out and with CPMAC (Fig. 2, A and B, respectively) showed that the
CPMAC-treated perovskite film was more uniform and has a reduced
PL intensity compared with the pristine perovskite film. We used
Kelvin probe force microscopy (KPFM) to investigate the spatial varia-
tions in the surface potential of perovskite films with and without
CPMAC. As shown in Fig. 2, C and D, the perovskite/CPMAC film ex-
hibited a more uniform potential distribution than the pristine sample,
which suggested that CPMAC effectively mitigates surface defects
(51-54). In addition, cyclic voltammetry measurements of Cgo and
CPMAC, with ferrocene as the reference, showed lowest unoccupied
molecular orbital levels of —4.20 and —4.09 eV against vacuum (fig.
S8), respectively. In comparison with Cgo, the reduced conduction band
offset between the CPMAC and perovskite (—3.92 eV) should result in
a better energy alignment at this interface and a reduced voltage loss
in the corresponding device (fig. S8).
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We measured the time-resolved microwave conductivity (TRMC)
transients for both Cgo and CPMAC thin films over a range of excitation
intensities. The yield-mobility products were plotted as a function of
excitation intensities (Fig. 2E). The mobility in CPMAC was about 30%
higher than that in Cgp measured at the lowest excitation intensity.

We further examined the fracture energy (Gc) of devices with Cg( or
CPMAC by using force-displacement measurements with a double can-
tilever beam test following a reported methodology (55). The fracture
path of all samples involved the ETL layer, and the average G¢ values
changed by about a factor of 3, increasing from about 0.50 + 0.07 J m™
for Cgo to 1.43 + 0.03 J m ™2 for CPMAC (Fig. 2F). Glow-discharge optical
emission spectroscopy of the delaminated samples further supports the
improved fracture toughness within the CPMAC layer as compared with
Cs0, as well as improved adhesion at the CPMAC/perovskite inter-
face (fig. S9). These results were consistent with stronger mechanical
stability for CPMAC. These values are above the empirical threshold of
1J m~2 that limits the susceptibility of the perovskite device to delami-
nate in operation (56).

To directly visualize the distribution of CPMAC on the perovskite
layer, we performed high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) measurements. A cryogenic
focused ion beam system was used to prepare the STEM specimen
without damaging the inherent structures of the perovskite layer. The
cross-sectional HAADF-STEM images in Fig. 2G revealed a dark layer
sandwiched between the brighter ALD-SnOy and perovskite layers. This
layer corresponded to the CPMAC layer and is discernible because of
the contrast in atomic number. The CPMAC layer is ~10 nm thick and
is amorphous (fig. S10). To further investigate the elemental distribution,
we performed electron energy-loss spectroscopy (EELS) coupled with
cryo-high-resolution transmission electron microscopy (cryo-HRTEM)
experiments on cross sections of the device (Fig. 2H). The distributions of
silver, tin, oxygen, carbon, and iodine were consistent with the distrib-
utions of the Ag, ALD-SnOy, ALD-SnOy, CPMAC, and perovskite layers.
EELS also revealed the uniform and compact presence of the CPMAC
layer atop perovskite through the detection of the carbon element.

Device characteristics
The current density-voltage (J-V) curves and photovoltaic (PV) per-

formance parameters of the champion devices under standard AM 1.5 G
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Fig. 2. Structural and optoelectronic properties. PL imaging of perovskite films (A) without CPMAC and (B) with CPMAC. a.u., arbitrary units. (C and D) KPFM surface
potential images for the control and target perovskite films, respectively. (E) Comparison of TRMC of Cgo films and CPMAC films, respectively. (F) Comparison of fracture energy
(Gc) of devices to quantify ETL for Cgp or CPMAC. (G) HAADF-STEM images of the Ag/ALD-SnO,/CPMAC/perovskite configuration. (H) EELS analysis of element mapping for

silver (Ag), tin (ALD-SnOy), oxygen (ALD-SnOy), carbon (CPMAC), and iodine (perovskite).

(where AM is “air mass” and G is “global”) illumination are shown in
Fig. 3, A and B. The PSC with the configuration of FTO/HTL/perovskite/
ALD-SnOy/Ag (where FTO is fluorine-doped tin oxide and HTL is
hole transport layer) showed a negligible PCE of 0.07% (fig. S11), which
we ascribed to the degradation of the perovskite layer during the ALD-
SnOy coating (43, 44). The incorporation of a standard Cgq layer be-
tween perovskite and ALD-SnOyx ameliorated this degradation,
achieving a PCE of 25.5% (reverse scan) with a short-circuit current
density (Jg) of 25.9 mA cm™, open-circuit voltage (V) of 1.16 V, and
fill factor (FF) of 84.9% (Fig. 3A). Notably, replacing Cso with CPMAC
further improved the PV performance to a PCE of 26.1% (reverse scan)
with a Ji. of 26.0 mA cm™2, V. of 1.18 V, and FF of 85.5% (Fig. 3B). The
increase in V, for the CPMAC-based PSC is consistent with its higher
photoluminescence quantum yield than the Cgo-based cell (fig. S12).
Both Cgo- and CPMAC-based PSCs exhibited minimal hysteresis be-
tween forward and reverse J-V scans.

The improved PV parameters achieved by using CPMAC to replace
Cgo were further verified on the basis of statistical results from 20
devices of each device type (fig. S13). All of the PSCs with the CPMAC
layer processed over a range of CPMAC solution concentrations exhib-
ited similar PCEs (fig. S14), which would provide a favorable processing
window for solution deposition of the CPMAC layer. The measured J.
(26.0 mA cm™>) was consistent with the integrated current density
(25.9 mA cm™2) from the external quantum efficiency spectra (fig. S15).
It is also noteworthy that CPMAC-based PSCs do not require additional
perovskite surface treatment, as is often the case for Cgo-based PSCs
(fig. S16). The ideality factors (n;q) of control and target devices were
calculated from the dependence of V. on the light intensity (fig. S17).
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The niq decreased from 1.77 to 1.41 after substituting the Cq( layer with
CPMAC, which could be attributed to reduced trap-assisted nonradia-
tive recombination (57, 58).

The operational stability of PSCs with C4o and CPMAC was evaluated
to investigate the impact of CPMAC on device stability (Fig. 3, C and
D). The unencapsulated device with CPMAC exhibited only a ~2% ef-
ficiency loss after 2100 hours of continuous maximum power point
tracking (MPPT) under an N, atmosphere at about 65°C with 1-sun
illumination. By contrast, the C4o-based devices showed a ~6%
drop in PCE.

We further tested the operational stability at 85°C. For this test,
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was used as
the HTL because as we showed previously, the mixed self-assembled
monolayer HTL was prone to degradation at 85°C (19). The operational
stability at 85°C for the CPMAC-based device was substantially better
than the standard Cgo-based device, maintaining ~95% of its original
efficiency over 1500 hours of MPPT under N, (Fig. 3D). When tested
under damp-heat conditions (85°C and 85% relative humidity), the
encapsulated CPMAC-based device retained 94.3% of its initial PCE
after 2000 hours, whereas the Cgo-based device exhibited a 16% PCE
loss (fig. S18). Thus, replacing Cgo with CPMAC increased device stabil-
ity under various testing conditions. The improved stability with
CPMAC is also consistent with the time-of-flight secondary ion mass
spectroscopy measurement of aged PSCs (fig. S19).

Furthermore, we fabricated minimodules with four subcells (6 cm?)
by blade-coating the perovskite layer (Fig. 4A and fig. S20). The
representative J-1 curves of perovskite solar minimodules (PSMs)
are compared in Fig. 4B. The CPMAC-based PSMs exhibited a PCE
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(65°C, N2 atmosphere). HTL was a MeO-2PACZ/Me-4PACZ mixture in (A) to (C). The initial PCEs of Cgo- and CPMAC-based devices were 24.9 and 25.8%, respectively.

(D) Comparison of operational stability of unencapsulated PSCs measured by MPPT under continuous 1-sun illumination (85°C, N, atmosphere). For this test, PTAA was used as
the HTL. The initial PCEs of Cep- and CPMAC-based devices were 24.3 and 25.5%, respectively.
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of 23.2% with a Jy. of 6.01 mA cm ™2, V. of 4.81V, and FF of 80.3%. In
comparison, Cgo-based PSMs exhibited a PCE of 21.8%, a V. of 4.7V,
an FF of 78.6%, and a Ji. of 5.95 mA cm™2. No discernible difference
(hysteresis) in J-V curves under different scanning directions were
observed for the CPMAC-based PSMs (fig. S21). The corresponding
stabilized PCEs of the PSMs based on Cgg and CPMAC are 21.2 and
22.7%, respectively (fig. S22).

We provided one such device to an accredited PV laboratory [Na-
tional Renewable Energy Laboratory (NREL) PV Performance Group],
obtaining the certified quasi-steady state (QSS) PCE of 21.6 + 0.2%
with a corresponding backward-scan J-V PCE of 22.6% (Fig. 4C and
figs. S23 and S24). Notably, the efficient PSMs with CPMAC on blade-
coated perovskite demonstrated that CPMAC could effectively inte-
grate with perovskite processed at scale. We also investigated the
operational stability of the encapsulated PSM under continuous light
illumination at ~55°C in ambient air (Fig. 4D). After 2200 hours, the
CPMAC-treated PSM maintained 91.5% of its initial PCE, whereas the
control sample lost >30% of its initial PCE. Our results suggest that
using CPMAC to replace Cgo is an effective approach to improve the
PCE and operational stability of p-i-n PSCs and PSMs.

Discussion

We showed that an ionic salt, CPMAC, can address the mechanical in-
stability associated with the molecular Cgg in inverted PSCs. In com-
parison with Cg, the ionic nature associated with CPMAC strengthened
the ETL/perovskite interface region. A thin CPMAC layer was sufficient
for effective device operation. The use of CPMAC boosted device effi-
ciency and stability. We further demonstrated that CPMAC is suit-
able for developing minimodules, reaching a PSM efficiency and
operational stability that is among the best in the literature. Taken to-
gether, our results point to a promising approach to advance perovskite
PV technology toward commercialization.
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PALEOPROTEOMICS

Enamel proteins reveal biological
sex and genetic variability in
southern African Paranthropus

Palesa P. Madupe®?t, Claire Koenig®t, loannis Patramanis't,
Patrick L. Riither®, Nomawethu Hlazo?*, Meaghan Mackie'*$$,
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Paranthropus robustus is a morphologically well-documented
Early Pleistocene hominin species from southern Africa with no
genetic evidence reported so far. In this work, we describe

the mass spectrometric sequencing of enamel peptides from
four ~2 million—year-old dental specimens attributed
morphologically to P. robustus from the site of Swartkrans in
South Africa. The identification of AMELY-specific peptides
enabled us to assign two specimens to male individuals,
whereas semiquantitative mass spectrometric data analysis
attributed the other two to females. A single amino acid
polymorphism and the enamel-dentine junction shape variation
indicated potential subgroups present within southern African
Paranthropus. This study demonstrates how palaeoproteomics
can help distinguish sexual dimorphism from other sources

of variation in African Early Pleistocene hominins.

Although our understanding of the evolution of Middle to Late
Pleistocene hominins is becoming increasingly clear in large part
because of ancient DNA (aDNA) sequencing data (7, 2), the biological
and behavioral variation among earlier Plio-Pleistocene hominins
remains poorly understood. The genus Paranthropus first appeared
in the fossil record around 2.8 million years ago (Ma) and persisted
until 1 Ma, coexisting in time and space with a number of other homi-
nins, including Australopithecus species and members of the genus
Homo. Most researchers consider Paranthropus to be monophyletic (3);
however, morphological similarities between Paranthropus robustus
and Australopithecus africanus (4, 5) and between Paranthropus
aethiopicus and Australopithecus afarensis (6, 7) have raised the pos-
sibility of paraphyly or even admixture between species (8, 9). Furthermore,

analyses of the enamel-dentine junction (EDJ) of southern African
Paranthropus indicate significant variation, suggesting the possibil-
ity of detectable substructure within P. robustus (10) or even the
presence of more than one species of this genus in southern Africa
(11, 12). Other researchers have argued that the observed morphologi-
cal differences stem from sexual dimorphism (Z3). Determining to what
extent the variation within and between Plio-Pleistocene hominins
is due to evolutionary diversification versus intraspecific variation,
of which sexual dimorphism is likely a major contributor, is funda-
mental to interpreting their evolutionary history.

Although genetic data from the African continent have provided
insights of unprecedented resolution into human demography and
evolution (74, 15), aDNA has never been successfully recovered from
African hominin material older than ~0.02 million years (15). As phy-
logenetically informative ancient protein sequences have been re-
trieved beyond the limits of aDNA preservation in Eurasia (16-18), we
attempted to recover them to help investigate the causes of Plio-
Pleistocene hominin variation in Africa. We used liquid chromatogra-
phy coupled to high-resolution tandem mass spectrometry (LC-MS/
MS) to reconstruct dental enamel protein sequences from four south-
ern African hominin specimens assigned to P. robustus (supplementary
materials).

The four hominin fossils analyzed (SK 830, 835, 850, and 14132) origi-
nated from Swartkrans cave, located approximately 40 km northwest
of Johannesburg, in South Africa’s Cradle of Humankind World
Heritage Site (Fig. 1). The teeth originate from the oldest deposits
at Swartkrans, Member 1 (MB1), which is dated to between 1.8 and
2.2 Ma (19, 20). Although Swartkrans has produced the largest collec-
tion of specimens attributed to P. robustus, the relationships between
this material and the Paranthropus fossils from other southern African
sites have been the subject of various interpretations, summarized by
Martin et al. (21).

Results
To maximize the breadth and depth of amino acid sequence coverage,
manual off-line high-pH reversed-phase fractionation was carried
out on StageTips. This strategy extends the dynamic range of the less
complex fractions for subsequent MS analysis (22), increasing pep-
tide identifications in all four Paranthropus samples (fig. S1). The
number of recovered amino acid positions increased up to 17%, and
the number of peptide-spectrum matches increased up to threefold
(supplementary materials). Further methodological development was
achieved with the creation of an automated and open-source se-
quence assembly pipeline (fig. S2). A site-based sequence reconstruc-
tion approach (23) was developed to generate consensus sequences
directly from the MaxQuant output tables. This sequence assembly
pipeline enables faster, more reproducible, and transparent data
analysis processes. The generated outputs can be traced back to the
original fragmentation spectra, thereby simplifying manual valida-
tion of ambiguous hits.

After successful proteomics analysis on faunal material (fig. S3),
dental enamel from four Paranthropus specimens was sampled. The
combined analysis of the LC-MS/MS data obtained from fractionated
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Fig 1l
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Fig. 1. Location and cave structure of the site of Swartkrans, South Africa. A) Topographical map of the African continent (inset) showing the major early hominin fossil-bearing
regions. (B) Photograph of the Paranthropus bearing paleocave Swartkrans, showing the MBL fossil-bearing sediments and dated flowstone (19). (C) The occlusal view of Paranthropus teeth
analyzed, from top to bottom: SK 830, a left P; SK 835, a left M>; SK 850, a right P3; SK 14132, a fragment of an isolated postcanine tooth (supplementary materials). (D) Enlarged view

of the Cradle of Humankind World Heritage Site in South Africa [shown in (A)], with Paranthropus fossil locality names in bold. Swartkrans is marked with a black star.

and single-shot samples of each individual resulted in 4600 to 8500
peptide spectrum matches (PSMs) covering 540 to 780 amino acid
positions from 8 to 10 enamel-associated proteins (24-26), six of which,
i.e., ALB, AMBN, AMELX, COL17A1, ENAM, and MMP20, appeared in
all analyzed specimens. A total of 425 amino acid positions were con-
sistently identified in all four Paranthropus specimens, indicating that
the majority of the covered positions are shared across all the samples
(fig. S4). For validation, the MS workflow was successfully replicated
in a proteomics laboratory in Cape Town, South Africa (fig. S5; supple-
mentary materials).

The authenticity of the recovered sequences is supported by mul-
tiple lines of evidence. Firstly, the relationship between free and bound
amino acids and their expected levels of racemization as well as the
extent of peptide bond hydrolysis indicate that, in all the samples, the
dental enamel is exhibiting behavior consistent with a closed system
(fig. S6; supplementary materials). Equally, across all four specimens,
no or negligible exogenous contamination was supported by the high
similarity of the amino acid composition profiles observed both within
our sample set and in comparison to other ancient dental enamel
specimens previously investigated (figs. S6 and S7; supplementary
materials). Secondly, all samples show advanced rates of diageneti-
cally induced amino acid modifications, such as glutamine and aspara-
gine deamidation and arginine to ornithine conversion, compatible
with the age and the geographic origin of the Paranthropus specimens
(fig. S4). Additionally, we observed extended oxidative modifica-
tion of histidine, phenylalanine, tyrosine, and tryptophan (fig. S8;
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supplementary materials). Thirdly, the peptide length distribution is
skewed toward shorter amino acid chains compared to modern hu-
man dental enamel, as previously observed in other paleoanthropo-
logical material and in agreement with the high levels of peptide
bond hydrolysis observed in the amino acid analysis (fig. S4; supple-
mentary materials). Altogether, these lines of evidence independently
support the authenticity of the ancient amino acid sequences we
report. An attempt to detect protein-protein cross-links did not lead
to any confident identification (supplementary materials).

Specimens SK 850 and SK 835 were unambiguously identified as
male Paranthropus individuals based on the observation of multiple
overlapping AMELY-specific peptides (Fig. 2A; supplementary materi-
als). No AMELY-specific peptide was detected in SK 830 and SK 14132.
This absence alone, however, cannot necessarily lead to a female attribution
(27, 28), for it is also consistent with these specimens belonging to male
individuals whose signal for the AMELY-specific peptides would not be
detectable by MS, or their acquisition would be stochastic. To exclude the
latter scenario, we used a site-based semiquantitative approach. Specifically,
we defined an AMELX intensity threshold above which AMELY-specific
peptides should be consistently detectable if present in the sample. For
validation, we applied this approach to 11 modern human enamel speci-
mens, achieving sex attribution with 100% accuracy. Because the AMELX
site intensities of both SK 830 and SK 14132 were measured above the
defined intensity thresholds as well as above the intensity of SK 835, we
inferred that both specimens originated from female individuals (Fig. 2
and fig. S9; supplementary materials).
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59, characteristic of males, is well supported by the fragment ion series. (B) Site intensities of AMELY-59 as a function
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necessarily accurate for correct sex esti-
mation. The protein-based male attribu-
tion of SK 835 is consistent with its local
strontium isotope signal that previously
suggested philopatric male behavior (31).
: After aligning the amino acid sequences
! assembled for each Paranthropus speci-
men, we identified a subset of 425 positions
that are covered in all four individuals.
Among these positions, we detected a
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3). Additionally, in SK 14132, the ENAM-137
site appears to be heterozygous, with the
glutamine allele covered in 80% of the
spectra (18 versus 4 PSMs). The confident
identification of the two ENAM-137 alleles
is further confirmed by the analysis of
synthetic peptides (Fig. 3 and fig. S11).
To assess how unexpected the within-
sample variation would be if all four in-
dividuals belonged to a single species, we
repeatedly sampled four randomly se-
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of present-day humans (supplementary
materials). We found it plausible that ge-
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Fig. 3. Sequence variation within the Paranthropus individuals. Amino acid sequence variation at ENAM-137 in the four
Paranthropus samples and number of PSMs supporting their detection. The detection of glutamine (Q) and arginine (R) at
ENAM-137 was validated with the analysis of synthetic peptides. On the right, the mirror plots represent the MS/MS
spectra covering glutamine in peptide KPPQKQPLK and arginine in peptide KPPQKRPLK in the Paranthropus samples
(top) compared with the MS/MS spectra of the corresponding synthetic peptides (bottom).

We used available buccolingual and mesiodistal measurements
of SK 830, SK 835, and SK 850 to compare our molecular-based sex
attributions with those based on overall tooth size (supplementary
materials). A sample of A. africanus is also included for comparison
to better assess the extent of size variation in Paranthropus (29). SK
14132 is not included in the comparison, as its incompleteness pre-
cludes reliable measurement (fig. S10). SK 830, which is assigned to
a female individual based on molecular evidence, has mesiodistal and
buccolingual measurements consistent with specimens previously
regarded as female. SK 850, assigned to a male based on AMELY-specific
peptides, has a mesiodistal measurement falling within the lower
range of size variability seen among specimens previously considered
to be males. SK 835, recently suggested to possibly belong to a female
individual based on tooth crown dimensions (30), is here confidently
identified through AMELY-specific peptides as originating from a
male. Our results thus indicate that measurements of dental size are not
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Charge: +3 clusion based on this genetic variation
alone premature. When we compared the
reconstructed protein sequences from
the four Paranthropus individuals with
their orthologs from a panel of extant and
extinct hominids (great apes and humans),
we detected a total of 16 species-informative
single-amino acid polymorphisms (table
S1). On the basis of these phylogenetically
informative sites, all four Paranthropus protein sequences appear
closer to those in the Homo clade than to any other primate (figs. S12
to S24). Thus, the placement of our Paranthropus samples agrees with
the consensus view based on morphology (32, 33), further supporting
the endogeneity of the protein sequences we retrieved. Given the lim-
ited total number of informative sites, conclusive phylogenetic results
will require broader sequence coverage. Out of the 16 identified single -
amino acid polymorphisms, only two, COL17A1-636 and ENAM-137,
showed an allelic state different from that of present-day humans,
Neanderthals, and Denisovans. The mapping of these two variants
on the primate phylogenetic tree (fig. S12) indicates that although
COL17A1-636 is likely an ancestral variant compared to modern humans,
the ENAM-137 glutamine is most likely a Paranthropus-derived variant.

To integrate the evidence obtained with paleoproteomics and more
established morphological approaches (11), geometric morphometric
analyses of the enamel-dentine junction shape were carried out on
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Fig. 4. Geometric morphometric analysis of the enamel-dentine junction.

(A) Frequency and distribution of canonical variate scores of the Swartkrans (and
Kromdraai), and Drimolen M3s enamel-dentine junction shape analysis. This analysis
shows SK 835 as statistically closer to specimens from Drimolen compared with other
specimens from Swartkrans and the holotype of P. robustus TM 1517 from Kromdraai.
(B) Same as in (A) but using P4s, showing that SK 830 is closer to Swartkrans and
Kromdraai specimens compared with other specimens from Drimolen.

the two best-preserved specimens (SK 835 and SK 830) (fig. S10).
Paranthropus M? and P, had a more asymmetric and taller enamel-
dentine junction than those of early Homo and, to a lesser extent,
than in Australopithecus. The results showed that both specimens
belong to Paranthropus and differ from Australopithecus and early
Homo (supplementary materials). Noticeably, the enamel-dentine
junction of SK 835 M?, bearing ENAM-137R, is statistically more
similar to the Paranthropus specimens from the site of Drimolen,
showing a wider occlusal basin, than to those from the Swartkrans
and Kromdraai assemblages, the latter including the holotype of
P. robustus (TM 1517). The enamel-dentine junction shape of the P, SK
830, in contrast, more closely resembles specimens from Swartkrans
and Kromdraai and statistically differs from the Drimolen mate-
rial (Fig. 4).

Discussion and broader implications

We report the recovery of Early Pleistocene hominin partial protein
sequences from southern Africa. The four Paranthropus specimens we
studied were recovered from cave sediments mostly composed of re-
mobilized soil from outside the cave. Sedimentological evidence points to
the fossil accumulations resulting from rapid, episodic flash floods, oc-
curring during relatively arid climate conditions (34). This, coupled
with extensive cementation of the fossil bearing sediments, explains
the richness of fossils in the caves and may have also favorably con-
tributed to the preservation of the proteins within the fossil teeth.
Whether or not protein preservation would be comparable in other
early hominin-bearing deposits, including open-air sites, such as those
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found elsewhere in Africa, is an open question. Future work must give
attention to the feasibility of biomolecular study while minimizing
damage to precious African heritage.

The application of manual off-line reversed-phase high-pH frac-
tionation improved the dental enamel protein sequence coverage
(fig. S9), revealing the existence of diversity at the protein sequence
level within southern African Paranthropus individuals. In addition,
spectral prediction software and sequenced synthetic peptides
helped validate spectra that provided mass spectrometric evidence
to confirm this diversity and detect heterozygosity. Mass spectrom-
etry has been previously utilized as a method of choice for the detec-
tion of both newly identified genetic variants and heterozygosity in
modern human individuals (35-37). To our knowledge, however,
detecting heterozygosity by using MS has never been previously ap-
plied in the context of paleoproteomics. Future studies should further
explore this aspect.

The molecular identification of both male and female Paranthropus
individuals demonstrates the limitations of sexing techniques based on
tooth size (30). This capability has clear implications for our understand-
ing and interpretation of morphological variation in the deep-time hom-
inin fossil record, as it enables us to exclude sexual dimorphism
as one of the multiple variables affecting the range of anatomical varia-
tion. However, as the method we use is reliant on the identification of
AMELY-specific amino acid sequences, male individuals with a deletion
of the AMELY gene will not be detected. Deletions of this gene are un-
common but have been recorded both in modern human populations
(38, 39) and in one Neanderthal individual (40).

Because of a single-amino acid polymorphism (ENAM-137), our re-
constructed trees (figs. S13 to S24) suggest that one of the Paranthropus
individuals (SK 835) might be more distantly related to the other three
individuals. Although potentially the result of incomplete lineage sort-
ing, it is also possible that this individual may have belonged to a distinct
Paranthropus group, which separated from the other individuals rela-
tively recently, a hypothesis compatible with both the paleoproteomics
and enamel dentine junction morphology, but microevolution of a single
taxon over time (21, 41, 42) or a large effective population size could also
explain the observed genetic and morphological variability. The south-
ern African Paranthropus assemblage exhibits considerable size varia-
tion, most of which has previously been attributed to sexual dimorphism,
possibly reflecting a gorilla-like pattern of extended growth for males,
i.e., bimaturation (13). However, recent studies have suggested that these
morphological differences might indicate either different taxa (11, 21), or
site-related diversity within a single species over time, i.e., microevolutionary
changes, following a morphocline (41, 43, 44). The recent description of
P. capensis, a gracile species of Paranthropus, indicates that taxonomic
diversity within this genus is currently underestimated and needs to be
investigated further (45). Regardless, as the small-crowned SK 835 is now
confidently assigned to a male, sexual dimorphism is an insufficient expla-
nation for the observed variation within our Paranthropus sample set.

The four specimens that we analyzed, along with other fossils from
Swartkrans MB1, were not accurately mapped when they were collected;
thus, they came from sediments accumulating within a 500-thousand-year
time window. Nevertheless, although MB1 sediments potentially cover
a long time interval, the fossil-bearing deposits likely accumulated
rapidly (34). A rapid accumulation would imply that the Paranthropus
teeth analyzed in this work are penecontemporaneous and, conse-
quently, that the observed variation may more likely result from taxon
diversity than from changes of a single taxon over time. Further com-
bined paleoproteomic and morphometric sampling of Paranthropus
individuals—from Swartkrans and Drimolen, the latter of which hosts
samples that are morphologically closer to SK 835—could inform the
source of this variation. Given that ENAM-137 was covered with high
confidence in all four of our samples, differences in allele frequencies
of this single-amino acid polymorphism between specimens from
various paleoanthropological sites would consolidate site-specific
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Paranthropus variation, whereas more precise and direct dating tech-
niques would help distinguish between microevolution of a single
taxon and intrataxonomic diversity.

We show that the analysis of multiple individuals, in conjunction
with morphological evidence, can better explore their genetic history
and illuminate variation potentially indicative of inter- or intrataxon
diversity. Successful protein extraction should be achievable for homi-
nins recovered in other southern African cave sites of similar age
and geology, making biological sex identification and intraspecies
analysis possible. This study as well as preliminary results recently
published (46) also raise the possibility of extracting similar data
from other African early hominin material, such as 4. africanus and
A. afarensis that are represented by a plethora of isolated and frag-
mentary dental remains. The Cradle of Humankind has yielded an
exceptionally large number of hominin fossils, yet the greatest diver-
sity of hominin taxa is currently known from eastern African sites,
mainly in the rift valley regions of Ethiopia, Kenya, and Tanzania.
Whether and how much of this phyletic diversity is real and not the
result of methodological limitations and/or research(er) bias remains
a debated topic. The coherent results obtained from this study com-
bining molecular and morphological data have implications for ad-
dressing such long-standing controversies surrounding the nature
and extent of Plio-Pleistocene hominin diversity (47-49).
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Arectic bird nesting traces back
to the Cretaceous
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Polar ecosystems are structured and enriched by birds, which
nest there seasonally and serve as keystone ecosystem
members. Despite the ecological importance of polar birds, the
origins of high-latitude nesting strategies remain obscured by a
sparse fossil record. We report an extreme-latitude Arctic
avialan assemblage from the Prince Creek Formation of
Alaska—the northernmost Late Cretaceous terrestrial
ecosystem. Numerous three-dimensionally preserved fossils
constitute one of the most taxonomically rich Late Cretaceous
avialan assemblages, including members of Hesperornithes,
Ichthyornithes, and near-crown or crown birds (Neornithes),
recording a previously undocumented interval in avialan
evolution. Abundant perinatal fossils represent the oldest
evidence of birds nesting at polar latitudes, which demonstrates
that birds began using seasonal polar environments for
breeding during the Cretaceous, long before their modern
descendants.

Using polar ecosystems for breeding offers exceptional benefits and
challenges to more than 250 species of modern birds. Certain birds, such
as the Arctic tern (Sterna paradisaea), migrate more than 80,000 km
annually between Antarctica and the Arctic Circle (I). By contrast, the
Svalbard rock ptarmigan (Lagopus muta) is a year-round Arctic resi-
dent, having adapted to endure harsh winter conditions, including
subfreezing temperatures, snowfall, and several months of continuous
winter darkness (2, 3). Polar birds preferentially nest in such challeng-
ing environments to exploit seasonally abundant summer food re-
sources, including growing plants, increased invertebrate biomass, and
increased fish populations that benefit from seasonal zooplankton
blooms (4). This trophic richness is fueled by a polar summer light
regime with up to 24 hours of daylight that provides relative protection
from predation for nesting and newly hatched birds (5). Arctic birds
make up less than 2% of global avian richness, but some populations
are enormous, with monospecific breeding colonies often exceeding
10,000 individuals (6). Arctic birds also serve as keystone ecosystem
members that pollinate, disperse seeds, and regulate insect and small
mammal populations (7). It has been hypothesized that over deep time,
birds contributed to structuring modern ecosystems by helping plants,
invertebrates, and other species rapidly disperse over long distances
to colonize remote regions (8, 9). Understanding polar ecosystem
structure and evolution, therefore, pivots on elucidating the advent of
polar habitat colonization by birds.
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Birds are typically undersampled in the fossil record relative to
other vertebrates, a bias exacerbated at the poles, where they are even
more sparsely represented compared with lower-latitude forma-
tions (10). The previous oldest evidence of near-polar bird nesting
comes from the late Eocene La Meseta Formation of Seymour Island,
Antarctica, located just north of the Antarctic Circle at a paleolatitude
of 64°S (11). It has produced abundant immature penguin fossils, sug-
gesting a nearby breeding colony (17). However, the oldest of these
fossils date to 40.5 to 46.5 million years ago (Ma) (12), which leaves a
gap of more than 100 million years after the origin of birds (Avialae)
in the Late Jurassic (13).

Our understanding of avialan evolution is further hindered by un-
certainty surrounding the origin of crown birds (Neornithes). This
is a contentious topic, plagued by referrals based on fragmentary
material—a problem magnified by the sparse record of the most crown-
ward stem birds (Ornithurae) (Fig. 1A), which, with the exceptions of
Hesperornithes (14, 15) and Ichthyornithes (15-17), are known pre-
dominantly from partial, isolated elements. Only two latest Cretaceous
(~66.5 Ma) taxa, Asteriornis and Vegavis, are widely accepted as unam-
biguous Mesozoic crown birds (18, 19). However, more than 20 million
years separate these species from the commonly recovered sister
taxon to Neornithes, laceornis (86.5 Ma) (20). Some specimens have
been suggested to fill this gap, but they are typically single, isolated
elements with little avifaunal context (21), which has resulted in a suite
of unanswered questions regarding the evolutionary transition to
Neornithes.

We report an extreme high-latitude paleo-Arctic avialan assemblage
from the late Campanian (~72.8 Ma) (22, 23) Prince Creek Formation
of northern Alaska. This formation preserves the northernmost known
Late Cretaceous terrestrial vertebrate assemblage (24), deposited at a
paleolatitude of 80° to 85°N (24) (Fig. 1B). Year-round occupants ex-
perienced adverse winter conditions, including several months of con-
tinuous darkness, and likely periods of freezing winter temperatures,
including occasional snowfall (24). Correspondingly, the ecosystem
benefited from an extreme summer light regime with ~6 months of
continuous daylight (24) (Fig. 1C). Numerous three-dimensionally pre-
served elements, representing every skeletal region, record a taxonomi-
cally rich ornithurine avialan assemblage, including Hesperornithes,
Ichthyornithes, and several species within or closely related to Neornithes.
Abundant perinatal bird fossils document the oldest instance of birds
nesting in a seasonal polar ecosystem. These fossils likewise represent
the first known perinatal Mesozoic euornithines and include evidence
of elements expressing ontogenetically early full-skeletal fusion, a hall-
mark bird feature. We demonstrate that birds have nested in Arctic
environments for at least 72.8 million years (22, 23)—nearly half the
tenure of birds on Earth (Z3)—and that Arctic bird breeding arose
millions of years before the end-Cretaceous mass extinction ignited
the neornithine radiation (25).

Taxonomic richness
The Prince Creek Formation avialans exhibit features consistent with
at least three euornithine clades. Phylogenetic analyses provide a
working hypothesis for the relationships of the Prince Creek Formation
taxa, which we supplement with extensive morphological comparisons
with other Late Cretaceous euornithines (see supplementary text).
At least one species of Ichthyornithes is represented by a craniocaudally
compressed distal humerus with a weak intercondylar incisure (Fig. 2E);
two radii with very shallow, oval proximal articular facets (Fig. 2B and
fig. S5); two distal carpometacarpi that bear ventrally deflected tu-
bercles proximal to the distal metacarpal symphysis (Fig. 2A and fig.
S5); and a proximal manual phalanx II-1 that resembles that of Ichthyornis
(Fig. 2C). A second manual phalanx II-1 preserves a strongly projected in-
ternal index process. Although this process is present in some neoavians,
it is considered synapomorphic for Ichthyornithines among Cretaceous
birds (16, 17) (Fig. 2D).
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mandibular symphyses (Fig. 2M and fig. S1),
considered a Neornithine synapomorphy by
Field et al. (18). A furcula bears a distinct ac-
rocoracoid articular facet extending from the
clavicular ramus (Fig. 2N). Six partial cora-
coids exhibit humeral articular facets that lie
omal to the scapular cotyle (16), recovered as
synapomorphic of Iaceornis and Neornithes
by Benito et al. (16). Two of these coracoids also
preserve strongly medially hooked acrocoracoid
processes (Fig. 2J and figs. S2 and S3), identified
as a synapomorphy of Neornithes by Benito et al.
(16). A partial coracoid bears a pneumatic fo-
ramen in the dorsal impression for the insertion of
m. sternocoracoidei (Fig. 20). A pneumatic cora-
coid is considered synapomorphic of Neornithes
(16), and the presence of an external foramen
is considered the most dependable parameter
for determining pneumaticity (26). Three par-
tial scapulae bear strongly hemispherical coracoid
tubercles but elongate acromion processes (fig.
S3), comparable to the condition observed in
presbyornithids (27). A proximal humerus ex-
hibits a globose humeral head; highly reduced
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deltopectoral crest; and large, deeply exca-
vated tricipital fossa (Fig. 2P)—a condition
more similar to Anseriformes than Ichthyornis
(17,28). A second, nearly complete humerus bears
a deep, well-defined intercondylar incisure be-
tween two globose and cranially located condyles;
a particularly deeply excavated olecranon fossa;
and a highly reduced deltopectoral crest (Fig.
2I). A proximal carpometacarpus has a grooved
capital tubercle (Fig. 2K), to date only observed
12 in Iaceornis and crown birds (17, 20). A distal

:| Prince Creek
Formation

500 1000

kilometers

Pole; S, south.

We identify at least one species of Hesperornithes from both adult
and immature elements. These include two diagnostic quadrates with
shallow intercondylar incisures and otic capituli larger than the squa-
mosal capituli (Fig. 2G and fig. S1), a heterocoelous cervical vertebra
with large pleurocoels but lacking pneumatic foramina (Fig. 2H), and
a tibiotarsus with a proximally expanded cranial cnemial crest and
extremely thickened compacta (Fig. 2F). Two immature distal humeri
exhibit the robust shape, arched shaft, and poorly developed intercon-
dylar incisures that characterize those hesperornithines that retain
well-developed humeri (Fig. 3C and fig. S4).

We also identify multiple highly derived ornithurine species (crown-
ward of Hesperornithes) based on adult and immature elements.
Cranial material attributed to derived birds includes two dorsoven-
trally deep, broadly rounded, and edentulous premaxillae, which show
perinatal texture but complete midline fusion (Fig. 3A and fig. S1),
and three edentulous dentaries, two of which preserve broad, bony
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Fig. 1. Key avialan relationships and location and paleoenvironmental conditions of the Prince Creek
Formation. (A) Simplified cladogram showing key avialan relationships based on Torres et al. (49) and Benito et al.
(16). Clades with affinities in the Prince Creek Formation are colored and denoted with silhouettes (Vegavis iaai by
Matt Martyniuk, CC BY 3.0; Hesperornis regalis by Scott Hartman, CC BY 3.0; and Ichthyornis anceps by Matt
Martyniuk, CC BY 3.0). (B) North American paleogeography 72 Ma, map by Ron Blakey. Figure modified with
permission from Druckenmiller et al. (24). (C) Comparison of polar light regime as approximated by the relative
extent of continuous summer daylight by latitude (measured in number of days and percentage of year). Figure
modified with permission from Druckenmiller et al. (24). MAT, mean annual temperature; N, north; NP, North

T tibiotarsus preserves an ossified supratendinal
bridge (Fig. 2L), also observed only in Iaceornis
and crown birds (17, 20).

Additional partial elements are less diag-
nostic but preserve morphologies consistent
with assignment to Euornithes (figs. S1 to S8
and supplementary text). We note that referral to
Enantiornithes can be ruled out for most ele-
ments, including many that are highly incom-
plete. For instance, all coracoids show a concave
scapular cotyle, and all scapulae show a con-
vex coracoid tubercle, whereas in enantiorni-
thines, the coracoid instead bears a convexity
that fits into a concavity on the scapula. Like-
wise, all perinatal tarsometatarsi show strong fusion of the metatarsals
near their distal ends, whereas the sutures in this region remain dis-
tinct late into ontogeny in Enantiornithes.

These taxonomic referrals are broadly supported by phylogenetic
positions recovered from parsimony and Bayesian analyses sampling
individual specimens (figs. S9 and S10) and support the hypothesis
that the Prince Creek Formation avialan assemblage is composed of
derived ornithurines. In most cases, strict consensus trees place sam-
pled elements in a polytomy with Ornithurae, in a polytomy with the
clade uniting Hesperornithes and Neornithes, or in a polytomy with
all sampled Neornithes. The only analyses that result in a placement
outside of Ornithurae are the Bayesian analyses for UAMES 51880
(scapula) and UAMES 41764 (quadrate ). The placement of the scapula
is likely a result of the acromion process that projects anteriorly past
the coracoid tubercle —a condition observed in basal taxa, including
Ambiortus (29), but that also occurs in Iaceornis (20) and in some
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Fig. 2. Select adult elements and their taxonomic affinities. (A) UAMES 52854, right carpometacarpus, cranial view. (B) UAMES 51909, left radius, caudal (B;) and proximal
(B2) views. (C) UAMES 42806, right manual phalanx II-1, ventral. (D) UAMES 36366, right manual phalanx II-1, dorsal. (E) UAMES 39671, left humerus, cranial (E;), distal (E2), and
caudal (E3). (F) UAMES 34561, left tibiotarsus, lateral (Fy), proximal (F»), and distal (F3). (G) UAMES 41764, right quadrate, medial (G;) and dorsal (Gp). (H) UAMES 41892,
cervical vertebra, cranial (H;), caudal (H,), and right lateral (H3). (I) UAMES 39672, right humerus, cranial (I;) and caudal (I2). (J) UAMES 53973, left coracoid, dorsal. (K) UAMES
51867, right carpometacarpus, ventral (K;) and caudal (K2). (L) UAMES 36340, right tibiotarsus, cranial. (M) UAMES 51902, left dentary, lateral (M;) and medial (My). (N) UAMES
36541, right furcula, lateral. (0) UAMES 36364, right coracoid, dorsal (O;) and cross-sectional (O2). (P) UAMES 52957, left humerus, caudal (P), caudodistal (P2), and cranial
(P3). Key synapomorphies (purple, Neornithes-+laceornis; pink, Neornithes; green, Ichthyornithes): 1, internal index process; 2, humeral articular facet omal to scapular cotyle;

3, medially hooked acrocoracoid; 4, edentulous dentary with bony mandibular symphysis. 5, supratendinal bridge; 6, pneumatic coracoid. All scale bars, 2 mm.

crown birds. The placement for the quadrate is likely a result of the
small number of codable characters because comparison of morpho-
logical features strongly supports a placement within Hesperornithes
(supplementary text).

Perinatal elements

We confidently identify 14 elements as perinatal (embryos or hatch-
lings) based on extremely porous external bone surface textures,
formed from the trapping of incompletely formed primary vascular
canals at the periosteal surfaces (24, 30). Computed tomography
(CT) data reveal highly vascularized endochondral bone and bul-
bous osteocyte lacunae (24), which support this diagnosis. A hu-
merus and femur are identified as immature but not perinatal on
the basis of more developed (though still porous) bone texture (figs.
S4: and S5).

Two perinatal premaxillae are distinct among Mesozoic taxa in be-
ing rostrally rounded and dorsoventrally deep (Fig. 3A and fig. S1). A
complex system of neurovascular foramina is consistent with the pres-
ence of a keratinous rhamphotheca (31, 32). These premaxillae have
three to four sets of semiregular palatal foramina that, along with
external neurovascular foramina, open into canals that communicate
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with large internal cavities (fig. S8). As in the Cenozoic gastornithid
Omorhamphus, these likely serve as additional neurovascular foram-
ina that close later in ontogeny (33). These premaxillae are tentatively
referred to Ornithurae. Whereas loss of premaxillary teeth also occurs
in some basal birds and enantiornithines, the combination of being
edentulous; the rounded, rather than acutely pointed, rostral margin;
and the dorsoventrally deep nature support a placement crownward
of Hesperornithes.

A perinatal coracoid with a procoracoid process, a concave and
teardrop-shaped scapular cotyle, and an open supracoracoid nerve
foramen [compared with Ornithurine E (34)] can be confidently as-
signed to Ornithurae (Fig. 3B). Two immature humeri, one of which
is perinatal (Fig. 3C) and one of which is larger with more extensively
developed surface texture (fig. S4), exhibit hesperornithine features,
including poorly divided distal condyles (though this may be an arti-
fact of the immature status) and dorsally bowed shafts (14). Ten peri-
natal tarsometatarsi show full distal fusion of the metatarsals and
strong plantar projection of metatarsal II, consistent with placement
within Ornithurae (Fig. 3 and figs. S6 and S7). More basal euornithines,
such as Archaeorhynchus, do not exhibit such fusion until much later
in ontogeny (35).
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Fig. 3. Select perinatal elements. (A) UAMES 42695, paired and fused premaxilla, in dorsal, right
lateral, rostral, and palatal views (left to right). (B) UAMES 41966, omal end of right coracoid, in dorsal,
lateral, ventral, and medial views (left to right). (C) UAMES 42694, distal end of left humerus, in dorsal,
cranial, caudal, and distal views (left to right). (D) UAMES 42700, distal end of left tarsometatarsus,

in medial, dorsal, plantar, and distal views (left to right). All scale bars, 2 mm.

Discussion

Adult bird fossils from the Prince Creek Formation make up an ex-
clusively ornithurine fauna, including confident representation of
Ichthyornithes and Hesperornithes, filling a key taxonomic and tem-
poral gap along the evolutionary transition to Neornithes. Referrals
of specimens exhibiting more derived morphologies are uncertain,
although many elements preserve synapomorphies consistent with a
near-crown or crown phylogenetic position. Elements consistent with
a placement closer to Neornithes than to Hesperornithes include eden-
tulous dentaries with a fused symphysis (Fig. 2M), coracoids with their
humeral articular facet omal to the scapular cotyle (Fig. 2J), and a
tibiotarsus preserving an ossified supratendinal bridge (Fig. 2L) (16).
Two additional features are observed only in the Prince Creek Forma-
tion fossils and Neornithes: a coracoid preserving a pneumatic fora-
men (Fig. 20) and a coracoid with a medially hooked acrocoracoid
process (Fig. 2J) (16). These features demonstrate that the Prince Creek
Formation includes some of the most crownward-known morphologies
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among Cretaceous birds, many of which are consistent
with the presence of one or more early-diverging mem-
bers of Neornithes. Additionally, these derived elements
consistently bear a strong resemblance to extinct and
extant species of Anseriformes (supplementary text)
(27, 28), consistent with expectations for birds near
the base of the crown and a Cretaceous origin for Gal-
loanserae (18, 25). Alternatively, if the Prince Creek
Formation birds are exclusively near-crown stem birds,
then these characteristics would not exclusively diag-
nose Neornithes but rather a more inclusive suite of
crown and stem species. Further, although early growth
stages of the more basally divergent Enantiornithes
are well known (36, 37), the Prince Creek Formation
documents the ontogenetically earliest-known growth
stages for Mesozoic euornithines and ornithurines. Ra-
pid growth rates and full skeletal fusion at early onto-
genetic stages are hallmark traits of modern birds that
have greatly contributed to their success. Fully fused
perinatal premaxillae and tarsometatarsi from the
Prince Creek Formation provide the first evidence of this
extremely early skeletal fusion in Mesozoic birds (38).

Polar ecosystems present some of the most extreme
evolutionary and behavioral challenges on the planet.
Living far north of the paleo-Arctic Circle at 80° to 85°N,
year-round terrestrial inhabitants of the Prince Creek
Formation ecosystem are the only Late Cretaceous ver-
tebrates currently known to have endured seasonal
polar conditions (24). Although not as cold as Arctic
conditions today, these environments underwent cold
winters with occasional freezing temperatures [cold
month mean temperature proxy estimates range from
—2.0° + 3.9°C (39) to 2° to 4°C (40)] and an extreme
seasonal light regime, which impose a distinctive set
of adaptive constraints (24). The extension of polar
nesting back to the late Campanian is important for
calibrating the origins of Arctic ecosystem utilization by
birds—a strategy that was also used by a diversity of non-
avialan dinosaurs (hereafter referred to as dinosaurs).
Abundant perinatal material demonstrates that the
dinosaurs were year-round residents, as prolonged
incubation times would prohibit them from reaching
body sizes necessary for long-distance migration (24).
Just like the dinosaurs, avialans used this Arctic eco-
system for nesting, and they and their hatchlings may
have likewise endured these adverse winter conditions;
however, unlike their dinosaur counterparts, shorter
incubation and maturation times as well as powered
flight (with the notable exception of members of Hesperornithes) may
have enabled them to migrate to more equable, southerly latitudes.
Today, most birds that range above 70°N migrate south before the
onset of winter. Most species that overwinter are large bodied, with a
few notable exceptions (e.g., chickadees). Thus, it is possible that many
of the volant Prince Creek avialans were migratory, potentially serving
as dispersal agents and playing an essential role in structuring and
enriching their paleo-Arctic ecosystem. Either scenario, overwintering
or migrating, would represent the earliest occurrence of such behav-
iors in birds. The utilization of seasonal polar ecosystems for breeding
is a crucial strategy for hundreds of modern bird species, and evidence
for its origination before the end-Cretaceous mass extinction reshaped
life on Earth is a testament to its adaptive resilience.

The abundance of perinatal dinosaur and ornithurine material from
the Prince Creek Formation stands in marked contrast to the conspicuous
absence of enantiornithine birds that dominate most other Cretaceous
avialan assemblages (41). This is consistent with other Cretaceous
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high-latitude ecosystems, where only euornithine taxa have been recov-
ered thus far (42, 43). Most crown birds directly incubate their eggs, with
hatchlings fledging and reaching adult body size within weeks (44,), and
Cretaceous ornithurines may have achieved similarly rapid growth rates
(41). Enantiornithines are thought to have shown slower incubation
times (4I) and to have laid proportionally smaller eggs, which they par-
tially buried (45), typically in warm, humid environments (46). They may
have been unable to directly incubate their eggs, owing to their adult
body mass exceeding egg strength (47), and did not rotate their eggs,
resulting in longer incubation times (47). Although enantiornithines were
highly precocial and possibly capable of flight within 24 hours after
hatching, they developed slowly, not reaching adult body sizes for sev-
eral years (4I). Further, Early Cretaceous enantiornithines are thought
to have used intermittent flapping flight styles (41), which are energeti-
cally expensive (48). However, this strategy is restricted to small birds,
and the flight styles of larger Late Cretaceous enantiornithines are un-
known (41). Combined with longer incubation and development times,
enantiornithines may have been unable to migrate long distances before
the onset of winter.

Enantiornithines also do not appear well adapted to endure harsh
winter conditions, and this physiological constraint has been hypoth-
esized to contribute to their demise during the end-Cretaceous mass
extinction winter (41). For instance, unusual molting patterns would
have made enantiornithine juveniles susceptible to sudden decreases
in temperatures (41), and a lack of gizzard stones may have limited di-
etary diversity (41), especially during winter months. It is possible that
the combination of slower developmental times, absence of digestive
flexibility, and inefficient plumage rendered enantiornithines both un-
able to survive harsh winter conditions and poorly suited to undertake
long migratory journeys to more favorable conditions at lower latitudes.
Although dinosaurs also showed slow incubation and growth to matu-
rity times, rendering them unable to migrate seasonally, they may have
been better adapted to the harsh winters. Megaherbivores have been
hypothesized to have fasted or sustained themselves with low-quality
forage (e.g., bark, ferns, horsetails, or moss), whereas some or all smaller
taxa may have hibernated in burrows or other forms of shelter (24).
Whereas dinosaurs were adapted to overwinter and ornithurines could
have used either overwintering or migrating strategies, enantiornithines
do not seem particularly well adapted to either, precluding them from
colonizing high-latitude ecosystems. Ultimately, although dinosaurs
were well adapted enough to survive in this Cretaceous Arctic environ-
ment, it was these specifically ornithurine characteristics that proved to
be vitally important to their survival of the end-Cretaceous catastrophe —
one of natural history’s greatest selective filters—and that enabled the
subsequent explosive radiation of Neornithes.
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GLACIERS

Glacier preservation doubled by
limiting warming to 1.5°C
versus 2.7°C

Harry Zekollari*?3#1, Lilian Schuster**+, Fabien Maussion®,
Regine Hock®’, Ben Marzeion®®, David R. Rounce'®,

Loris Compagno®'*2, Koji Fujita'®, Matthias Huss?',
Megan James®, Philip D. A. Kraaijenbrink®, William H. Lipscomb?,
Samar Minallah”, Moritz Oberrauch'®*, Lander Van Tricht®!,
Nicolas Champollion?, Tamsin Edwards'®, Daniel Farinotti®,

Walter Immerzeel®®, Gunter Leguy", Akiko Sakai®®

Glaciers adapt slowly to changing climatic conditions, with
long-term implications for sea-level rise and water supply. Using
eight glacier models, we simulated global glacier evolution over
multicentennial timescales, allowing glaciers to equilibrate with
climate under various constant global temperature scenarios.
We estimate that glaciers globally will lose 39 (range, 15 to 55)%
of their mass relative to 2020, corresponding to a global mean
sea-level rise of 113 (range, 43 to 204) mm even if temperatures
stabilized at present-day conditions. Under the +1.5°C Paris
Agreement goal, more than twice as much global glacier mass
remains at equilibration (53% versus 24%) compared with the
warming level resulting from current policies (+2.7°C by 2100
above preindustrial). Our findings stress the need for stringent
mitigation policies to ensure the long-term preservation of
glaciers.

Global-scale glacier mass loss profoundly affects our society and the
natural environment, contributing to sea-level rise (I-3), influencing
downstream water resources (4), affecting biodiversity and ecosystems
(%), exacerbating natural hazards (6), and having a negative effect on
the tourism industry (7). Recent projections of all glaciers outside of
the Antarctic and Greenland ice sheets, based on a range of transient
climate scenarios, estimate mass losses of ~20 to 50% between 2015
and 2100 depending on emissions scenarios (8-11). However, even if
the current climate were to stabilize, then glaciers would be expected
to continue losing mass over extended time periods (12-14). Glaciers
may vanish entirely or, if the new climatic conditions permit, retreat
until they reach a steady state in which glacier mass and glacier ge-
ometry remain approximately stable (15). This continued loss after
climate stabilization is due to the slow adjustment of a glacier’s geom-
etry, driven by the gradual flow of ice from high to low elevations
(16, 17). Additionally, the lag between the climatic forcing and glacier
response is influenced by feedback mechanisms involving elevation
and mass balance (18), as well as albedo and mass balance (19).
Observational and modeling studies suggest that the time needed
for glaciers to reach a new steady state after a climate perturbation
can range from decades to multiple centuries (20-22). However, the
mass losses that are committed but not yet realized in response to

long-term climate stabilization remain largely unquantified, with insights
primarily derived from only two exploratory studies. Mernild et al.
(23) used observed ratios of accumulation to total glacier area to esti-
mate present-day committed global mass losses, and Marzeion et al. (13)
used a glacier evolution model based on volume-area scaling to proj-
ect committed losses across various global mean temperature sce-
narios. Both studies agree on the estimate that ~35 to 40% of glacier
mass will be lost under early 21st-century climatic conditions. How-
ever, Marzeion et al. (13) did not account for glaciers in the Greenland
Periphery and the Subantarctic & Antarctic Islands. Moreover, both
studies relied on limited observations to constrain and evaluate their
methods, possibly affecting the precision and reliability of their meth-
ods and conclusions.

Here, we used eight state-of-the-art glacier evolution models to
simulate long-term glacier mass loss of all glaciers outside of the ice
sheets for 80 constant-climate scenarios. These constant-climate sce-
narios were derived by repeating eight different 20-year periods be-
tween 1850 and 2100 from various climate models forced by Shared
Socioeconomic Pathways (fig. S1 and materials and methods). Our
diverse scenarios form an ensemble of global and regional climates, each
of which is associated with a change in global mean temperature com-
pared with preindustrial. The glacier models are run for several thou-
sand years to ensure that the glaciers have sufficient time to equilibrate
with the new climate. These long-term simulations thus enable the
quantification of the committed glacier mass loss at regional and
global scales under diverse policy-relevant global warming levels.

Committed glacier mass changes under present-day climate
Our model simulations project that if current (2014 to 2023) climatic
conditions [global mean temperature change (A7) = 1.2°C above pre-
industrial (24)] were to persist, glaciers would eventually lose 39%
(range, 15 to 55%) of their global glacier mass relative to 2020 [the 17th
to 83rd percentiles are the International Panel on Climate Change’s
(25) “likely range”; Fig. 1 and table S1]. This already committed, but
not yet fully realized, glacier mass loss is projected to contribute 113
mm (range, 43 to 204 mm) to global mean sea-level rise, irrespective
of any future warming. This substantial present-day committed mass
loss highlights that today’s glaciers are strongly out of balance with
current climatic conditions due to their long response times. The
strong imbalance between glacier geometry and climate is exacerbated
by atmospheric warming being particularly pronounced at high eleva-
tions (26) and high latitudes (27) where glaciers are predominantly
located. In our ensemble of climate models, the median air tempera-
ture increase over glacier areas is 80% higher than the global average,
a relationship that is consistent regardless of the future global tem-
perature increase (fig. S2 and materials and methods).

The imbalance between current climate and glacier geometry varies
greatly among regions, resulting in sharply contrasting regional
present-day committed losses (Figs. 2 and 3 and table S1). Relative
losses of some regions are small, such as South Asia West [5% (range,
010 30%) under AT =1.2°C], Central Asia [12% (range, 3 to 32%)], and
New Zealand [15% (range, 2 to 39%)], whereas other regions are pro-
jected to experience substantial losses regardless of further future
warming, such as Arctic Canada South [85% (range, 83 to 94%)],
Western Canada & US [74% (range, 43 to 93%)], Scandinavia [66%
(range, 24 to 85%)], and Russian Arctic [65% (range, 46 to 80%)].

IDepartment of Water and Climate, Vrije Universiteit Brussel, Brussels, Belgium. >Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Ztirich, Ziirich, Switzerland. Laboratoire de
Glaciologie, Université libre de Bruxelles, Brussels, Belgium. “Department of Atmospheric and Cryospheric Sciences (ACINN), Universitat Innsbruck, Innsbruck, Austria. *Bristol Glaciology
Centre, School of Geographical Sciences, University of Bristol, Bristol, UK. ®Department of Geosciences, University of Oslo, Oslo, Norway. ’Geophysical Institute, University of Alaska Fairbanks,
Fairbanks, AK, USA. 8Institute of Geography, University of Bremen, Bremen, Germany. °"MARUM - Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany.
pepartment of Civil and Environmental Engineering, Carnegie Mellon University, Pittsburgh, PA, USA. Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), batiment
ALPOLE, Sion, Switzerland. *Swiss Reinsurance Company Ltd (Swiss Re), Zurich, Switzerland. Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan. ** Department of
Geosciences, University of Fribourg, Fribourg, Switzerland. ®Department of Geography, King’s College London, London, UK. ®*Department of Physical Geography. Utrecht University, Utrecht,
Netherlands. “NSF National Center for Atmospheric Research, Boulder, CO, USA. BWSL-Institute for Snow and Avalanche Research SLF, Davos, Switzerland. ® Department of Civil, Environmen-
tal and Geomatic Engineering, ETH Zurich, Zurich, Switzerland. “Institut des Géosciences de I'Environnement (IGE), Université Grenoble Alpes, Grenoble, France. *Corresponding author.
Email: harry.zekollari@vub.be (H.Z.); lilian.schuster@uibk.ac.at (L.S.) tThese authors contributed equally to this work.

Science 29 MAY 2025

979



RESEARCH ARTICLES

150:A glacier models' median (n=80)
] == median at selected AT
1 likely range [17% to 83%]
1254 for AT=0.0°C & AT=4.0°C
100 ———— e ——————— 0.0°C

~
w
. -

Global glacier mass (% rel. to 2020)

1 \\

50+ A
] \\\.__

] \‘. 4-.____‘_.-

254 """----.._. —— 3.0°C
] e I e o 4.0°C
04 : . . .

0 500 1000 1500 2000

Simulation year

Steady-state global glacier mass

B ® m global glacier
1507 "= ® models
sum of regional
. *  medians (n=80)
1254 . o LOWESS fit
= 2.0% additional == -7, o o
2 mass loss per 50% [17% to 83%]
S 0.1°C.global == exponential fit
~ 1004 warming
o —
~N
o
o
_- 759
(]
—_
X
~ 501
Current -
254 climatic
conditions
(2014-2023):
AT=1.2°C
0 1 2 3 4 5 6 7
AT (°C)

Fig. 1. Projected global glacier mass under constant-climate scenarios. (A) Evolution of global glacier mass relative to present day (year 2020; 3-year running mean).

Solid lines show the results for all 80 constant-climate scenarios derived from the sum of the regional medians of the glacier model ensemble. Colors indicate corresponding
global mean warming levels above preindustrial (AT, range from —0.1° to 6.9°C). Dashed lines refer to the mean of the solid lines for select warming levels. Shading marks

the multimodel ensemble likely range (shown for AT=0.0 + 0.2°C and AT = 4.0 + 0.2°C). (B) Steady-state glacier mass as a function of warming level. Colored dots refer

to results for the globally applied glacier models (color coding per glacier model is in Fig. 2). Black dots are obtained by globally summing regional multimodel medians through

which a LOWESS fit is added.

These regional differences in relative present-day committed losses
are correlated with regional glacier elevation range (the highest correla-
tion among the variables considered, » = -0.55; fig. S3 and Fig. 4A).
Regions where glaciers span a wide elevation range, typically located at
lower latitudes with rugged mountain topography, have a higher poten-
tial to adapt to changing climatic conditions, because glaciers can
(partly) survive by retreating to higher elevations. Conversely, regions
with smaller glacier elevation ranges tend to have higher present-day
committed losses. In these regions, glaciers have less potential to retreat
to higher elevations, an effect that is particularly pronounced in Arctic
Canada South (Fig. 4A). Combined with strong regional warming (2.2
times the global warming; Fig. 2 and fig. S4), Canada South’s glaciers are
projected to largely disappear in the coming centuries under present-
day climatic conditions. Many of this region’s large glaciers are relics of
past glaciations [e.g., the 6000 km? Barnes ice cap, a remnant of the
Laurentide ice sheet (28, 29)] and cannot survive.

Committed glacier mass changes under
policy-relevant scenarios
If global temperatures stabilize at the limits targeted in the Paris
Agreement, then glaciers are projected to eventually lose 47% (range, 20
to 64%) of their global mass relative to 2020 for a +1.5°C scenario and
63% (range, 43 to 76%) for a +2.0°C scenario, contributing 138 mm
(range, 59 to 237 mm) and 190 mm (range, 128 to 279 mm) to global mean
sea-level rise, respectively (all values at steady state). Under current cli-
mate policy pledges, global temperatures are projected to reach 2.7°C
above preindustrial levels by 2100 (30), which would result in eventually
losing 76% (range, 54 to 82%) of glacier mass globally, corresponding to
230 mm (range, 159 to 302 mm) of sea-level rise. Thus, more than twice
as much global glacier mass is projected to remain long term under the
Paris Agreement +1.5°C goal compared with current climate policies.
Every additional 0.1°C increase between the +1.5°C and +3.0°C sce-
nario eventually results in an additional 2.0% (range, 1.6 to 2.4%) global
glacier mass loss, corresponding to 6.5 mm (range, 4.6 to 8.9 mm)
of sea-level rise from glaciers alone (Fig. 1B and table S1). Considering
the same domain (i.e., without the Subantarctic & Antarctic Islands
and the Greenland Periphery), our sensitivity derived from eight gla-
cier models is consistent with that by Marzeion et al. (13), which was

980

based on a single model (fig. S7). For context, recent glacier projections
performed with PyGEM-OGGM (10) estimated that a +3.0°C scenario
would result in ~8% more global glacier mass loss by 2100 relative to
2015 (34-mm sea-level rise) than the +1.5°C scenario. In their simula-
tions, every 0.1°C increase leads to an additional ~0.6% mass loss and
2.3-mm sea-level rise over the period 2015 to 2100. The glacier mass
loss sensitivity to temperature increase revealed by our experiments
based on long-term equilibrated glacier masses is three times larger
(2.0% per 0.1°C) when considering all models, or about two times
larger (1.4% per 0.1°C) when considering PyGEM-OGGM alone (fig.
S5), indicating that substantial mass losses resulting from current
climate policies will manifest after 2100.

The committed mass loss sensitivity to climate policies varies consider-
ably across regions. Regions currently closest to balance with their cli-
matic conditions, i.e., those with the smallest committed loss under
present-day conditions, are the most sensitive to future warming (Fig.
4B and table S1). These regions include South Asia West [3.4% (range,
2.0 10 3.6%) per +0.1°C for AT = 1.5 to 3.0°C], Central Asia [3.0% (range,
2.2 10 3.2%) per +0.1°C], the Low Latitudes [3.0% (range, 2.1 to 3.7%) per
+0.1°C], and New Zealand [2.9% (range, 2.7 to 2.9%) per +0.1°C]. There-
fore, although these regions are projected to experience less relative mass
loss under present-day climatic conditions than others, they will be the
most affected by future warming levels from current climate policies.

At higher warming levels, the relation between committed global
glacier losses and warming levels becomes nonlinear. At +3.0°C, gla-
ciers are projected to lose 77% (range, 60 to 85%) of their global mass,
with all 19 regions losing more than two-thirds of their present-day
mass and nine of those regions losing more than 90% (table S1).
Consequently, in many regions, additional warming above +3.0°C
leads to less additional glacier mass loss, because there is little mass
left to lose, thereby reducing the sensitivity of global glacier mass loss
to temperature change (Fig. 1B). In a 4°C warmer world, glaciers are
projected to lose 86% (range, 74 to 93%) of their present-day mass
globally, with most midlatitude regions deglaciating (<5% of mass
remaining). In an extreme 5°C warmer world corresponding to the
upper range of warming projected by 2100 under SSP5-8.5, 91% (range,
82 to 96%) of global glacier mass is lost in the long term, contributing
about 282 mm (range, 242 to 352 mm) to sea-level rise.
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Conversely, preserving the present-day global glacier mass would require
a return to preindustrial temperatures (1850 to 1900; AT = +0.0°C; Fig.
1A). Glaciers were substantially larger than today in the second half of

the 19th century due to colder and/or wetter climatic conditions in the

18th and early 19th centuries (22, 31-33). The retreat of glaciers in the early
20th century was a response to this imbalance, which has more recently
been amplified and overtaken by human-induced warming (34, 35). With-
out anthropogenic warming, present-day temperatures would be close to

preindustrial levels (25), and glaciers would be larger than they are now.
In this hypothetical case, global glacier mass would today still be declining
toward the present-day observed glacier mass, a multicentennial process.

Climate policies and multicentennial glacier evolution: a tale of
contrasting timescales
Approximately a millennium is needed for the global glacier mass to
fully respond and equilibrate with the most optimistic warming level
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Fig. 2. Regional steady-state glacier masses relative to present day (year 2020) as a function of global warming levels above preindustrial (AT). Dots represent
individual simulations forced by 80 constant-climate scenarios per glacier model (four to six glacier models per region, color coded). Regions are sorted by descending
present-day (2020) glacier mass. For each region, the percentage of global glacier mass in 2020, the warming over the glacierized area relative to the global mean warming
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outlined in the Paris Agreement (AT = +1.5°C; Fig. 1A and fig. S8).
This long response time is largely due to high-latitude regions, which
contain by far most of the global glacier mass and require multicentury
timescales to respond to changing climatic conditions. Most notably,
the Subantarctic & Antarctic Islands require more than 800 years for
80% of committed mass loss to occur for a +1.5°C scenario (Fig. 4, C

@

Arctic

W Canada
& US

Committed glacier
mn:r: loss (rel. to 2020)
1

Arctic
Canada S
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and D). Other regions, such as the Arctic Canada North, Russian Arctic,
Greenland Periphery, Iceland, Svalbard, and Arctic Canada South, also
respond on long timescales, with 80% changes taking more than 200 years
(table S1). These slow-responding regions are characterized by gently
sloping glaciers (Fig. 4C and fig. S3), contrasting with regions with
steeper glaciers, where most changes occur within a few decades, such
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Fig. 3. Committed glacier mass loss at different global warming levels above preindustrial (AT). In every circle, the colored lines indicate the LOWESS fitted ensemble
median estimates of committed mass loss at steady state at different warming levels in the range AT = +1.2°C to +5.0°C (increasing in clockwise directions in 0.1°C steps
beyond 1.2°C; full circle correspond to 100% committed mass loss). The present-day committed mass loss at steady state (AT = +1.2°C) is in light blue, with the loss after 100
simulation years (fig. S6) shown as the dotted line. Numbers in the circle centers are the AT at which 50% of the present (year 2020) regional glacier mass is lost.

Fig. 4. Present-day committed glacier mass
loss and response timescales globally and for
19 glacier regions. (A and B) Present-day
committed mass losses (AT =+1.2°C) as a
function of regional mean glacier elevation
range, weighted by glacier area (A), and
sensitivity of committed glacier mass loss to
global mean air temperature change in the range
AT =+1.5°C to +3.0°C (B) (see the materials
and methods). (C and D) Response timescale,
i.e., the year when 80% of the committed mass
loss at AT =1.5°C + 0.2°C has occurred, as a
function of glacier-area weighted regional mean
surface slope (C) and observed glacier mass
change between 2000 and 2019 relative to 2000
(D) (1,37) (see the materials and methods). r is
the Spearman'’s rank correlation coefficient for
the 19 regions (P < 0.02 in every panel). The
coloring of the dots refers to the warming over
the glacierized area relative to the global mean
warming (versus 1986 to 2005, median value
over 80 climate scenarios; Fig. 2). The size of the
dots scales with the respective 2020 glacier
mass. Slope (C) and observed mass loss (D) data
are available in table S3.
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as the Low Latitudes [23 years (range, 14 to 30 years) for 80% change],
Caucasus & Middle East [30 years (range, 26 to 56 years)], and New
Zealand [36 years (range, 28 to 45 years)]. Under higher warming
levels (above +1.5°C), all regions equilibrate faster because they tend
to evolve toward a mostly deglaciated state more rapidly (fig. S9B).

The long response timescales result in substantial differences be-
tween the glacier states after 100 years and at full equilibration, espe-
cially for the slow-responding regions (Fig. 3 and Fig. 2 versus fig. S6).
The long-term equilibration experiments thus provide a different and
complementary perspective on the vulnerability of glaciated regions
compared with previous studies that have focused on transient 21st-
century glacier evolution (10, 11). Some regions projected to experience
limited mass loss throughout the 21st century, such as the Subantarctic &
Antarctic Islands [14% mass loss over 2020 to 2100 for a +2.0°C scenario
from an ensemble of three CMIP6-forced glacier evolution models (11)],
Russian Arctic (22%), and Arctic Canada South (41%), are expected to
lose a large part of their mass in the longer term, with committed losses
at +2.0°C reaching 56, 88, and 95%, respectively (fig. S10).

Generally, regions modeled to have the longest response timescales
are also those with the lowest observed relative mass loss over the past
two decades (2000 to 2019), and vice versa (r = 0.94; Fig. 4D). For
example, the Subantarctic & Antarctic Islands, Arctic Canada North,
and Russian Arctic, which each require more than 400 years for 80%
of committed changes to occur for a +1.5°C scenario, have lost less
than 3% of their mass between 2000 and 2019. By contrast, the fastest
responding regions, such as Central Europe, Caucasus & Middle
East, Low Latitudes, and New Zealand, need less than five decades for
80% changes to occur and each have lost more than 20% of their mass
over the first two decades of the 21st century.

Our results emphasize that the effectiveness of current and near-
term climate policies in mitigating short- to mid-term warming will
play a decisive role in shaping the future evolution of glaciers, influ-
encing not only immediate glacier changes but also those that will
unfold over multicentennial timescales. The findings stress the pivotal
role of climate policies in preserving our glaciers, which should be a
central focus of the United Nations International Year of Glaciers’
Preservation in 2025 (36).
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CARBON CYCLING

Thermal acclimation of stem
respiration implies a weaker
carbon-climate feedback
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The efflux of carbon dioxide (CO;) from woody stems, a proxy
for stem respiration, is a critical carbon flux from ecosystems to
the atmosphere, which increases with temperature on short
timescales. However, plants acclimate their respiratory
response to temperature on longer timescales, potentially
weakening the carbon-climate feedback. The magnitude of this
acclimation is uncertain despite its importance for predicting
future climate change. We develop an optimality-based theory
dynamically linking stem respiration with leaf water supply to
predict its thermal acclimation. We show that the theory
accurately reproduces observations of spatial and seasonal
change. We estimate the global value for current annual stem
CO; efflux as 27.4 + 5.9 PgC. By 2100, incorporating thermal
acclimation reduces projected stem respiration without
considering acclimation by 24 to 46%, thus reducing land
ecosystem carbon emissions.

Plant respiration represents about half of the annual carbon flux glob-
ally from terrestrial ecosystems to the atmosphere, approximately six
times more than anthropogenic carbon emissions (Z, 2). The contribution
of respiration by stems is not well quantified (3-5), but current models
estimate it as around a quarter of total plant respiration (fig. S1). Plants
respire their photosynthetic products to support physiological processes
and growth (6, 7). As an enzyme-mediated process, respiration increases
nearly exponentially with increasing temperature on time frames of min-
utes to hours (8). Additional respiratory carbon release is thus widely
expected in a warming world, leading to even more warming (9, 10).

In principle, plant respiration is controlled by substrate availabil-
ity and oxygen supply and demand for respiratory products. Plants
modulate their respiratory response to temperature on timescales
of weeks to years as a result of changes in these driving forces (11-13).
This behavior could weaken the positive feedback between climate
warming and carbon emissions from plants. Plants exposed to warmer
conditions show a reduced respiration rate at a standardized measure-
ment temperature and/or a decreased sensitivity to temperature (in-
dicated by a smaller increase in respiratory rate per unit increase in
temperature over the short term) compared with plants that have ex-
perienced cooler temperatures (17-16). These adjustments are called
“thermal acclimation”; the more pronounced the thermal acclimation
of respiration globally, the weaker the positive feedback between
climate warming and carbon emissions.

The mechanisms and magnitude of thermal acclimation are still
unclear. This is particularly true for stem respiration. Empirical evi-
dence shows that stem respiration scales with nitrogen concentra-
tion, similar to leaves and roots, reflecting its enzyme requirements
(17, 18). However, the nature of thermal acclimation may differ be-
tween tissues. Leaves coordinate their respiratory acclimation with
photosynthetic acclimation and have multiple mechanisms for ther-
mal and physiological regulation (14, 16, 19). Presumably this is not
the case for stems and roots, which likely also have higher thermal
inertia than leaves (20). There have been a number of studies on the
environmental controls of stem respiration, but no overarching prin-
ciples have emerged (21-26). The lack of a theoretical basis has pre-
cluded any global analysis of the impact of thermal acclimation of
stem respiration.

The representation of respiration in Earth System Models (ESMs)
is simplistic and largely untested. Many ESMs do not implement
time-dependent acclimation of plant respiration rates to warming
(27, 28). Models that do consider plant acclimation use empirical
approaches and either ignore stem respiration acclimation or assume
that stems acclimate the same way as leaves (29-32), presumably due
to the paucity of information about stem respiration. Improved un-
derstanding of the magnitude of stem respiration and its acclima-
tion is needed for reliable predictions of the global carbon-climate
feedback (33).

Eco-evolutionary optimality (EEO) principles have been shown to
provide parameter-sparse predictions of many different plant processes
(14, 34-37). EEO hypotheses identify trade-offs between plant resource
demand and acquisition that can be expressed mathematically (34).
The previous success of EEO in predicting plant ecophysiological pro-
cesses suggests that this approach is also useful for investigating the
magnitude of thermal acclimation in stems. Accordingly, this study
addresses the following two questions: (i) Is thermal acclimation of
stem respiration effectively described by EEO theory? (ii) How does
thermal acclimation affect the global carbon cycle? We first propose
an EEO-based model for the thermal sensitivity of stem respiration,
which we test both spatially, using a global dataset, and temporally,
using seasonal measurements and a warming experiment. We then
apply the resulting model to test the impact of thermal acclimation on
the global carbon cycle under future climate conditions.

Theoretical background

Under the assumption that a primary function of sapwood is main-
taining the hydraulic continuum as determined by the canopy wa-
ter demand, we assumed that the cost of doing so—whole-plant stem
respiration—is proportional to transpiration from the canopy on a time-
scale of days to weeks [supplementary materials (SM) section 2.1]. This
coupling ensures that total stem respiration—including both mainte-
nance and growth components—is neither more (which would result
in nonproductive carbon consumption) nor less (which would threaten
hydraulic integrity) than that required to support the stem hydraulic
continuum. Although long-distance water transport through the xylem
is largely driven passively, maintenance of the hydraulic continuum is
effectively used here as a proxy for associated energy-requiring pro-
cesses, including the maintenance of stem water storage capacity and
stem water potential, new xylem production, defense and resilience
to disturbance (SM section 1.3) (38-42). We combine this hypothesis
with physical principles influencing the manner in which respiration
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and transpiration are coupled and use this relationship to predict the
spatial and temporal thermal acclimation of stem respiration. First,
we assume that whole-plant stem respiration (Rs, nmol C s™) is pro-
portional to canopy transpiration (£, nmol H,O s™%) with a cost factor
representing the respiration rate required to maintain a unit of tran-
spiration rate (43). In principle, this cost factor should be influenced
by temperature: Water has a reduced dynamic viscosity as temperature
increases, meaning that there is less hydraulic resistance to water
transport to the leaves and thus the cost incurred for supporting a
given transpiration rate would be lower. Given that Ry is a product of
mass-based respiration rate over time (75, nmol C g'1 s"l) and total
sapwood mass (Mg, g C), we expect that 7y and M also co-vary with E
and the respiration cost of transpiration. At a global scale, where
spatial variation in both 7; and M is large, we assume that g and M
track variation in the cost factor and E, respectively (SM eq. 20).
Therefore, the thermal response of the cost factor as largely deter-
mined by the hydraulic resistance and xylem sap viscosity is the
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primary control of the variation in 7y along geographic temperature
gradients. For temporal changes at a weekly scale, in which the change
in M is small compared with changes in transpiration, we expect only
75 to be coordinated with temporal variation in both E and the cost
factor (SM eq. 19). Therefore, the response of 7y to temperature that
emerges over time, dominated by acclimation, should be mathemati-
cally the same as that emerging across space, dominated by adaptation.

To generate empirically testable predictions for the adjustment of
stem respiration to temperature, we calculated rs at growth tempera-
ture (75g;, nmol C g"1 s and 7 at a standard temperature of 25°C
(rs25, nmol C g7! s7Y), applying a constant Q;, temperature coeffi-
cient. 7,4 provides a measure of respiration rate under temperature
conditions experienced by plants growing under natural conditions
whereas 795 allows for a standardized comparison of respiratory ca-
pacity (and associated investment in mitochondrial proteins) across
sites and species (44). Our model specifically predicts that rgg accli-
mates to increasing temperature by —2.3% K~ (Fig. 1B, SM eq. 22), due

5.01 B

n
3

1.1

Inrs g (NMol CO,g 's )

7.5 125 175 225 275

-25 2.59
=== |n Field
=== Inlab
-5.0 -5.01
5 10 15 20 25 30 5 10 15 20 25 30

T4 (°C)

T4 (°C)

Fig. 1. Global trends of stem respiration at reference temperature (rs2s5) and at growth temperature (rs:) in relation to growth temperature (the mean temperature
during the thermal growing season when daily temperature above 5°C, T,). (A) Stem respiration was measured in the laboratory (orange dots) and in the field (blue dots).
I'so5 represents stem respiration standardized to the reference temperature of 25°C. Solid fitted lines are shown for the laboratory and field data separately (orange and blue
lines, respectively; mathematical details are provided in Table 1). The shaded area represents 95% ClI. The solid red line is the theoretical prediction of thermal sensitivity, whose
slope is —10.1% K™%, The inset figure presents an overview of all the main figure data aggregated into temperature bins. Horizontal and vertical coordinates are the same as that
in the main figure. (B) rs ¢t represents stem respiration standardized to growth temperature, using the same color coding as in (A). The solid red line is the theoretical prediction
of thermal sensitivity of rs g, whose slope is —2.3% KL The instantaneous thermal response is also shown, based on a fixed-Qyo function (gray line).

Table 1. Global trends of stem respiration in relation to temperature. Statistical output using the global dataset shown in Fig. 1. rsp5 represents stem respiration standardized to
the reference temperature of 25°C; rs gt represents stem respiration standardized to growth temperature. Error in Variables regression analysis was performed for field-based
and lab-based data separately and also performed using all data. The table provides confidence intervals, R-squared values (R2), P-values (P), and degrees of freedom (df)
associated with each regression model.

Confidence intervals

Theoretical Fitted Intercept
Quantity prediction Measurements coefficient 2.50% 97.50% (mean + SE) R? P df
Is25 -0.101 Inlab -0110 -0.143 -0.078 241+ 074 0.27 <0.01 79
In field -0.101 -0.104 —-0.099 120 +0.04 0.28 <0.001 4544
All data -0.098 -0.100 —-0.095 116+0.04 0.26 <0.001 4625
Isgt -0.023 Inlab —-0.028 —-0.061 0.005 -0.37+0.74 0.02 0.39 79
In field -0.019 -0.022 -0.017 -0.82+0.04 0.01 <0.001 4544
All data -0.015 -0.018 -0.013 -0.86+0.04 0.01 <0.001 4625
Science 29 MAY 2025 985
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to the decline in the viscosity of water. A steeper decline of —10.1% K,
is expected for g5 adjusting to temperature (Fig. 1A, SM eq. 20) be-
cause of the greater catalytic rates of respiratory enzymes at higher
temperatures. The trend in the thermal response when considering
that acclimation is opposite to the instantaneous response due to en-
zyme Kinetics (+7.9% K™ (SM eq. 7), which means that warming in
the short term will increase respiration steeply and exponentially.
Therefore, with acclimation to warming in the long term, respiration
at a given temperature (7595) is reduced, reflecting reduction in respira-
tory capacity.

We evaluated the thermal response of stem respiration through
empirical analyses using a new Global Stem Respiration Dataset
(GSRD) (fig. S2 and tables S1 and S2) and data from five species mea-
sured from a glasshouse warming experiment. GSRD includes data
from 187 species sampled at 68 field sites spanning all climate zones
(including laboratory measurements from excised branches for 74 spe-
cies from four sites and plus 8701 measurements made directly on
trunks of 114 species from 64 field sites, including 4155 seasonal mea-
surements for three species from one site that were used in our tem-
poral test).

Results

Alinear regression of 7,5 against Ty (mean temperature during the ther-
mal growing season, defined as the period when daily temperatures
are above 5°C) showed a strong negative response to higher tempera-
tures across all sites globally: 755 decreased by 9.8 + 0.3% K with
warmer temperatures, statistically indistinguishable from our theoreti-
cal prediction (10.1% K™) (Fig. 1A, Table 1, and table S3). Measurements
made in the field and laboratory showed a similar thermal response
for r¢s (field measurements: —10.1 + 0.3% K™%; laboratory measure-
ments: —11.0 + 3.3% K ). Note that the absolute values of the labora-
tory measurements, 2.97 + 1.16 nmol CO, g~' s, were generally larger
than that of the field measurements, 0.87 + 0.012 nmol CO, g7 577,
possibly reflecting differences in the nature of the sample material;
e.g., smaller branches might have been used for lab measurements and
if so, these might have a higher proportion of living cells (45), or re-
flecting removal of CO, diffusion limitations or CO, loss to the tran-
spiration stream when measuring CO, efflux on excised tissues under
laboratory conditions (Fig. 1A and table S6). Comparisons using site-
mean values, to minimize the potential impact of over-representation
of individual sites with much larger sample sizes, showed that 75
decreased by 8.1 + 1.8% K ! with warmer temperatures (fig. 3 and
table S4). Calculating 75 from measurements made at temperatures
other than 25°C assumed a standard, fixed thermal sensitivity of res-
piration (SM section 1.1.3). To minimize potential effects of that as-
sumption, we also restricted analyses to sites where respiration rate
was measured at 25 + 1°C; these data showed a similar thermal response
in 7405 (site-mean: —10.1 + 3.8% K7, all individuals: —15.5 + 0.7% K
(fig. S4 and table S5). Thus, the observed response of 75 against T,
considered multiple ways, was in the range of approximately —8% K to
—15% K. Next, we quantified temperature-related trends in 75 gr—that
is, stem respiration rates estimated under typical thermal growing
conditions as opposed to at a standard, set temperature. Again, both
observations and theory showed a significant negative response of
75t to temperature (data: —1.5 + 0.3% K7}, theory: —2.3% K1), opposite
in trend from that expected from enzyme kinetics alone (Fig. 1B
and Table 1).

Although the global patterns are consistent with an acclimation
response to temperature, they may also reflect species replacement
along geographic temperature gradients (fig. S5). However, measure-
ments of seasonal variation and a warming experiment are also con-
sistent with our theoretical predictions. A single boreal site provided
continuous data on 7 of three species throughout the growing sea-
son. We estimated daily transpiration (nmol m~2 s ") with an EEO-based
Penman-Monteith model accounting for canopy stomatal regulation
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driven by radiation, temperature, vapor pressure deficit, atmospheric
pressure, and leaf area index (36). The best predictions of the temporal
variation in 745, indicated by variance inflation factor, root mean
square error, and R% were given by a 6-day time window for tempera-
ture and a 13-day period for transpiration, although alternative periods
around 1 to 2 weeks generated similar predictions (fig. S6 and table
S7). Multiple regression showed that 755 declines with acclimated
temperature by 10.6 + 0.5% K" and increases almost proportionally
to transpiration (103.8 + 1.8%), consistent with the theoretical predic-
tions (temperature: —10.1% K7, transpiration: 100%, Fig. 2). When
evaluated at the acclimated temperature, 7 g also showed significant
responses to temperature (—4.7 + 0.5% K™') and to transpiration (111.7 +
1.8%), both similar but higher than the theoretical values (tempera-
ture: —2.3% K%, transpiration: 100%) (fig. S7). These small differences
between the theoretical and empirical values likely reflect uncertain-
ties in the two predictors or the influence of other potential explana-
tory variables such as soil moisture (see below). The five species
measured in the warming experiment showed a consistent decrease
in 75 of 10.6 + 1.6% K, close to our theoretical prediction of 10.1%
(Fig. 3). Individual species show similar trends (Fig. 3 and table S8).
The Pinus species in this experiment showed a somewhat stronger
thermal acclimation response than Pinus species in the global analysis
(-84 + 0.4% K1), possibly reflecting differences in the temperature
range sampled (fig. S5 and table S9).

Based on the agreement between theory and observations, we de-
veloped a simple model to estimate the global carbon flux from stem
respiration and its contribution to the global carbon cycle (SM section
3.2.1). In this model, total stem respiration rate per unit land area is
predicted as the product of sapwood mass and mass-based respiration
rate under growth temperature (75¢), on an annual timestep. Sapwood
mass is estimated from total above-ground stem biomass and allome-
tric equations describing the shape of the stem, and sapwood depth
(SM eq. 35) (46, 47). We simulated 7, with a single global parameter
(table S10) and T} to represent the annual thermal growth environ-
ment for woody species. The model predicts an annual global carbon
release by stem respiration of 27.4 + 5.9 Pg C in 2010 (Fig. 4A) (48, 49).
This is comparable to estimates from most TRENDY models (fig. S8).
Modeled stem respiration from forests alone (excluding shrublands

In rg5 (nmol CO, g‘1s‘1)

75 10.0 125 15.0 175 40 45 50 55 6.0

In E (nmol m’zs”)

Fig. 2. Partial residual plots showing the relationship between stem respiration
and temperature and transpiration when other factors are held constant.

(A) Growth temperature (T,) is an average of the 6 days before stem respiration was
measured. rsps is stem respiration, natural-log transformed, at the reference
temperature of 25°C. (B) Transpiration (E) is an average of the 13 days before
measurement and was natural-log transformed. The solid black line is the relationship
fitted through multiple regression (Inrszs ~ (—0.106 + 0.005) x Tg+ (1.04 + 0.018) x
InE, R%= 049, VIF = 2.01, P < 0.001). The red solid line is the theoretical prediction,
with a coefficient of —10.1% K™ and 100% (nmol H,0 m™ s for temperature and
natural-log transformed transpiration, respectively.
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Fig. 3. Relationship between stem respiration and growing temperature derived
from a warming experiment. The warming experiment was conducted using five
species: Betula alleghaniensis, P. nigra, P. pinaster, P. pinea, and P. sylvestris. (A) rss is
stem respiration, natural-log transformed, at the reference temperature of 25°C.
Growth temperature (Ty) is the temperature at which individual species were grown.
Different colored points represent different species. The dashed line was fitted
(Inrsps = 0.106 + 0.007 x T, R?= 0.44) using linear regression analysis on all the
data. The red solid line is the theoretical prediction, with a coefficient of —10.1% KL
(B to F) Box plots representing different species, with colors consistent with those in
(A). The short horizontal lines represent the maximum and minimum values and the
short red horizontal lines represent the average value under each Ty. The dashed/
fitted lines with shaded areas represent the 95% confidence intervals (CI). Mathematical
details are provided in table S8.

and savannas) is 15.3 + 3.2 Pg C, higher than a previous empirical
estimate (6.7 + 0.5 Pg C) (25), with the difference presumably reflecting
different methods of estimation. Global variation in stem respiration
was largely controlled by total stem biomass: regions with higher bio-
mass had higher respiration. The highest stem respiration occurred
in tropical forests and in the humid temperate forests of eastern North
America, eastern Asia, and Europe.

We applied this modeling scheme using different climate change
scenarios to assess the influence of thermal acclimation on the carbon
flux from stem respiration over the 21st century. The results showed
that implementing thermal acclimation led to a reduction in predicted
stem respiration of 24 and 46% by 2100 under the weakest (SSP126)
and strongest (SSP585) warming scenarios, respectively, and reduced
predicted land ecosystem carbon emissions by 10.8 and 24.0 Pg C (Fig.
4B). Some land surface models, including CLM5, CABLE, and QUINCY,
consider the thermal acclimation of stem respiration but treat it iden-
tically to leaf respiration (27, 30, 32, 44). In those models, 7595 is
predicted to decrease with temperature by 1.83% K™\, an order of
magnitude less than that shown by our empirical analyses. This un-
derestimation of the thermal acclimation of stem respiration led to a
higher carbon emission from terrestrial ecosystems, resulting in an
overestimation of 4.9 and 11.9 PgC in 2100 under the SSP126 and
SSP585 scenarios, respectively (SM section 3.2.5).

Discussion and conclusions

We considered several sources of uncertainty inherent in stem respira-
tion observations from assumptions about mean stem diameter values
and the allometric equation for deriving mass-based estimates of res-
piration from stem surface area-based measurements (SM section 1.1.4).
Stem size shows a further significant negative effect on stem respira-
tion (tables S11), probably reflecting size-related variation in the pro-
portion of living cells and likely contributing to the difference between
lab and field observations. Uneven geographic coverage of observa-
tions, with relatively few sites from the tropics and southern hemi-
sphere, may have introduced further biases. Nevertheless, the trends
are consistent across the range of temperatures, including boreal and
tropical sites. A remaining uncertainty concerns the use of stem CO,
efflux as a proxy for stem respiration, as there can be other processes
affecting stem CO, efflux such as CO, refixation in bark and dissolution
of CO, in xylem sap (50-52). Nevertheless, the congruence of the re-
sults across different sources and subsets of the data (Figs. 1to 3, figs.
S3to S5, S7, S9, S10, Table 1, and tables S3 to S5, S7to S9, and S12) and
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Fig. 4. Predicted global stem respiration under present conditions and in response to future warming. (A) Stem respiration calculated at the global scale under recent
CO; levels (see details in SM section 3.2). (B) Simulated reduction in carbon emissions due to considering thermal acclimation of stem respiration over the 21st century in two
different scenarios (SSP126 and SSP585). The temperature was derived from an ensemble of four future climate simulations [the land surface model is specified in parentheses:
ACCESS—ESM1-5 (CABLE), CESM2 (CLM5), IPSL—CM6A—LR (ORCHIDEE) and UKESM1—0 (JULES). The solid dotted line is the mean ensemble value (orange: under SSP126,

blue: under SSP585) and the shaded area represents the range of the model ensemble.
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the similarity between the observed and predicted relationships sug-
gests that our conclusions about the thermal response of stem respira-
tion are robust. Data limitations preclude further analysis of the
sensitivity of respiration to other environmental factors, such as soil
moisture (24, 53) or CO, concentration. However, we note that vapor
pressure deficit had a positive influence on 7555, in line with our theo-
retical prediction (SM section 2.2, figs. S11 to S12 and table S13). Short-
term thermal sensitivity (i.e., Q;p temperature coefficient) might itself
also acclimate to warming and modify the estimates of 75 and 74
(9). However, our sensitivity analyses applying a range of Q; values
(table S14) and without temperature standardization (fig. S4 and table
S5) show that variation in Q; has a minor influence on the agreement
between the theoretical prediction and empirical observations. Overall,
stem respiration, as our hypothesis predicts, appears to show a much
stronger thermal acclimation than leaf respiration, which indicates a
weak but positive response to warming (16). This disparity potentially
reflects their different driving processes and thermal conditions. In
particular, leaf respiration tracks the maximum capacity of carboxyl-
ation, phloem-loading of photosynthates, and turnover of photosyn-
thetic proteins (6, 14, 16). Acclimated carboxylation capacity increases
with temperature, compensating for enhanced photorespiration under
warmer conditions, implying a positive thermal response in leaf re-
spiratory acclimation (I6). This is probably not the case for woody
tissues. Furthermore, leaves are more likely to be sun-exposed and do
not have the insulating properties of bark tissue (20, 54). Experimental
studies will be needed to reveal the mechanisms controlling the ac-
climation of stem and leaf respiration.

We have demonstrated that the application of EEO principles pro-
vides a simple way to predict stem respiration and its thermal acclima-
tion, consistent with empirical evidence. This approach could and
should be implemented in ESMs. The acclimation response to growth
temperature in stem respiration is much stronger than that in leaf
respiration. This suggests the potential for enhanced carbon use effi-
ciency in a warming world, a subject still hotly debated (55-57). En-
hanced carbon use efficiency would, in turn, substantially weaken the
expected positive climate-carbon feedback, enhancing the degree to
which ecosystems globally slow the rate of climate change.
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Wesley Sundquist

The road to lenacapavir, a breakthrough

HIV treatment

Three individuals have been awarded the AAAS Mani L. Bhaumik Breakthrough of the Year Award
for their work on the drug MEAGAN PHELAN

In the hunt for a remedy, when the baton
is passed from dedicated academic scien-
tists to an innovative company to trusted
community advocates, outcomes for so-
ciety can be especially powerful. Today,
thanks to that sequence of contributions,
the first HIV drug to offer long-lasting pro-
tection from infection—eliminating the
need for people to take a daily pill—exists.
For their role in ensuring that drug, lena-
capavir, came to life and to market, the
AAAS Mani L. Bhaumik Breakthrough of
the Year Award is being awarded to Wesley
Sundquist, chair of the University of Utah
Department of Biochemistry; Moupali Das,
vice president, clinical development, HIV
prevention and pediatrics, at Gilead Sci-
ences; and Yvette Raphael, cofounder and
executive director of Advocacy for Preven-
tion of HIV and AIDS in Africa.

“These individuals represent the three
arms of what is necessary to create new
science and then translate it for the world
in a way that is really able to make a differ-
ence,” said Megan Ranney, dean of the Yale
School of Public Health and part of the
committee—convened by Science jour-
nals’ Editor-in-Chief Holden Thorp—that
selected the winners.

“I was excited about how these three tell
the story of the journey required to bring a
drug into existence,” said committee mem-
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ber William Powderly, codirector of the Divi-
sion of Infectious Diseases at Washington
University School of Medicine. “It takes
multiple people, skillsets, and partners.”

As of 2023, 39.9 million people globally
were living with HIV, newly infecting more
than 1 million people a year.

Even after decades of research, there is
no cure for the disease HIV causes, AIDS.
But lenacapavir, born out of research on
HIV's cone-shaped capsid protein, gets
close, almost completely preventing new
HIV infections from occurring. The drug pro-
tects people for 6 months with each shot.

“This drug is extraordinary—the closest
thing to a vaccine that we have,” said Ran-
ney. She explained that she and many of
her peers in the public health community
entered the field at the height of the AIDS
pandemic, in the 1980s and 1990s. “This
medication is beyond the wildest dreams
of what many of us could have imagined.”

Recognizing the people behind such sig-
nificant scientific developments is a cen-
tral philosophy for donor Mani L. Bhaumik,
PhD—a physicist with myriad contribu-
tions to the development of high-powered
lasers—as well as for AAAS and the Science
family of journals.

“Studying intractable parts of the physi-
cal world, like a virus capsid, is critical to
scientific innovation,” said Bhaumik. “And

persisting to ensure that insights from ba-
sic research can be applied and that they
are trusted by those who they will serve is
critical—now more than ever. I'm delighted
to see this year's recognition go to people
across sectors whose thorough approach
made such a valuable contribution.”

The Mani L. Bhaumik Breakthrough of
the Year Award was established in 2022
with a $11.4 million pledge from Bhaumik:
the largest in the organization's history.
The award supports a $250,000 cash prize
annually for up to three scientists or re-
searchers whose work best underpins the
Science Breakthrough of the Year, the jour-
nal's choice of the top research advance of
the year.In 2024, Science named lenacapa-
vir the latest Breakthrough.

Mapping HIV’s capsid
Sundquist, who moved to the University
of Utah as an assistant professor in 1992,
played a key role in the development of the
drug, though his work was not immediately
recognized. “Sundquist spent countless
hours in the lab, made a critical discovery,
and then watched it sit on the shelf for a
while, which can happen in basic science,’
said Ranney.

His contribution—which he embarked
upon as he started his Utah-based lab—
was elucidating the structure and func-
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tions of the HIV capsid protein. Sundquist
focused on the capsid because he was
aware that HIV deaths were increasing
globally and that most scientists studying
HIV treatments were looking at the virus's
enzymes. “We wanted to work on an aspect
of the problem that was unique,” he said,
“and we were drawn to the unusual cone
shape of the capsid.”

Until  Sundquist's  work, scientists
thought the capsid, which encloses the vi-
rus's genetic material, was largely a struc-
tural element. They did not see it as a
particularly “druggable” target, especially
compared to enzymes, in part because it
was thought to be highly stable.

In 1996, working with a team, Sundquist
published a paper in Science that defined
the capsid’s architecture. That laid the
groundwork for a study in 2003 in the Jour-
nal of Virology, in which he and colleagues
showed that if the HIV capsid was dis-
rupted, even in minor ways, viral replication
was disrupted, too.

“That was unexpected,” said Sundquist.

Clinical trials purposefully designed
Even as these critical discoveries were
made, however, it wasn't obvious that the
capsid would be easily turned into a drug
target. For his part, though, Sundquist
didn't feel that it was very long after he and
his colleagues published their 2003 results
that Gilead Sciences contacted them.

Tomas CihlaF, a virologist at the com-
pany, visited Sundquist’s labs. Impressed
with his discoveries, Cihlar took them back
to his colleagues. The Gilead team wanted
to seeif they could use Sundquist’s insights
about how to hinder viral replication to de-
sign HIV drugs with longer acting power for
people living with HIV; while the standard-
of-care treatment—combination antiretro-
viral therapy—worked well, it required daily
medication.

A dedicated group of scientists at Gil-
ead Sciences showed perseverance as
it took more than a decade (beginning
around 2006) to develop a drug based on
Sundquist's findings. To do so, John Link,
then-vice president of medicinal chemis-
try at Gilead, and his colleagues screened
thousands of molecules to identify an ef-
fective capsid inhibitor.

“We sometimes think about industry as
not having staying power,” said Ranney.
“But it was something like 15 years here—
fits and starts—and Gilead as an institution
kept supporting capsid inhibitors.”

The molecule’s properties meant its ef-
fects could be extended over 6 months, a
promising option for patients who strug-
gled with daily medications.

Gilead ran the first trial for people with
HIV involving an injectable version of lena-
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capavir in 2018. “| was a medical monitor
for the first phase 1 trial,” said Das, a win-
ner of this year's Bhaumik Breakthrough of
the Year prize on behalf of the many Gilead
Sciences team members working on lena-
capavir. This meant that Das, a trained phy-
sician, provided expert guidance to confirm
the safety of trial participants.

At that time, Gilead was focused on eval-
uating lenacapavir for treatment of HIV.
But the reality was that there were already
effective treatments, like antiretrovirals.
Meanwhile, there were still many people in
the world at high risk of acquiring HIV.

“I remember seeing results from the first
lenacapavir treatment study and thinking
this drug—because of its molecular prop-
erties—might be very good for prevention,
too.” Das said, “l was immediately thinking:
how could we use this for prevention?”

The next step forward was figuring out
the best way to evaluate this drug for pre-
venting HIV.

“Gilead had already established the com-
pany as leaders in the use of oral antiretro-
viral agents as pre-exposure prophylaxis”
said Myron Cohen, director of the Institute
of Global Health and Infectious Diseases at
the University of North Carolina at Chapel
Hill, who also sat on the committee who
selected the winners. “But many people
found it difficult to maintain usage of daily
oral pills. Development of long-acting
agents, especially injectable agents, be-
came an important goal.”

When Gilead Sciences made this deci-
sion, Das played a crucial role. “She was
the pivotal person who created studies to
garner proof that it worked for prevention,
too," said Powderly.

Her leadership was essential in designing
the clinical trials, known as PURPOSE 1 and
PURPOSE 2, which began in 2021 and are
among the most comprehensive HIV pre-
vention trial programs ever conducted. The
trials were carefully shaped to include peo-
ple most in need of preventative care — and
people most underserved by past trials. This
involved establishing trial sites in locations
where infections were happening most.

“There were lots of times where we had
to change hearts and minds in designing
this trial program because we did a lot dif-
ferently,” she said. Much of this related to
the novel design and lenacapavir itself,
but also to who was included. Das recalled
a story of a young African adolescent
woman who was pregnant and who came
to a stakeholder meeting in Kigali, Rwanda.
That meeting, organized by Gilead, in-
cluded community advocates, government
officials, regulators, ethicists, site staff, and
pre-exposure prophylaxis (PrEP) clinical
trial investigators whom Gilead had con-
vened to discuss how best to design and

implement PrEP trials in cisgender women.
“’"Make sure people like me have a chance
in the trials, this woman had said to us. I'll
never forget her.”

Das firmly believes better science hap-
pens when everyone is included. “It's not
charity,” she said. “It's good science.”

The PURPOSE 1trial evaluated lenacapa-
vir in cisgender women and in adolescent
girls in sub-Saharan Africa and Uganda,
where stigma means some women have
challenges using daily oral PrEP products.
Some of the women in the trial became
pregnant. Results from PURPOSE 1, pub-
lished in July 2024, showed that twice-
yearly lenacapavir led to 100% efficacy in
preventing infections, a tremendous result.
“It was so exciting to have the first results
for lenacapavir for HIV prevention be in
women,” said Das.

For PURPOSE 2, Das and her team
recruited participants from places dis-
proportionately affected by HIV and un-
derrepresented in past HIV clinical trials,
including parts of the United States, Bra-
zil, Thailand, South Africa, Peru, Argentina,
and Mexico. The trial evaluated lenacapavir
for prevention of HIV in a diverse range of
cisgender men and gender-diverse peo-
ple. Results, published in November 2024,
showed that the drug reduced new infec-
tions by 96%.

Powderly said that years-long work from
researchers at Gilead Sciences leading up
to Das’s efforts was critical, “and without
her enthusiasm and drive, that final hur-
dle—the studies and trials for prevention—
would have been much harder.”

“The human voice matters”

Keeping the people most in need of HIV
drugs at the center of the PURPOSE tri-
als, as Das did, was possible because of a
key partner—another winner of this year's
Bhaumik Breakthrough of the Year Award:
Yvette Raphael.

Das and Raphael met in Kigali, Rwanda,
in 2019, 2 years before the PURPOSE trials
started, at the same stakeholder meeting
where Das and the group convened by Gil-
ead heard from the young pregnant African
woman about including people like herin the
trials. “Yvette really wanted to know what we
were going to do differently,” said Das.

Raphael, an HIV prevention advocate
and community leader living with HIV, had
previously engaged in trials of HIV drugs.
“We knew past trials had made mistakes,”
she said.

“Raphael was well-recognized as a tire-
less and thoughtful advocate for the de-
velopment of HIV prevention strategies
for women,” said Cohen. “Her involvement
in the development of lenacapavir—in
trusted communication with Gilead and
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It's important to fund basic research, as we never
know what is going to be the next world-changing discovery.

Megan Ranney Dean of the Yale School of Public Health

trial participants and their communities—
was a critical requirement for the success
of these studies.”

Raphael fought to make sure people af-
fected by HIV had access to information
about new treatment options, including
long-acting treatments that could improve
quality of life. In Africa, especially among
African women, problems with HIV pre-
ventative strategies—largely in the form
of daily pills—were ongoing. Drugs that
worked in men were not working in women
in part because it was harder, for social rea-
sons, for women to take a pill every day.

“An injection would have been better for
women,” said Powderly. “But community
trust and involvement were critical.”

Raphael, who served as chair of the PUR-
POSE 1 Advisory Board from 2019 to 2024,
told Gilead about the major challenges in
the African community.

“For lenacapavir trials, we wanted young
people to be part so that the drug could be
approved for them from the start,” said Ra-
phael. Since young people need parental
consent, she helped advise parents con-
sidering whether their adolescent children
could participate.

“It was also very important for pregnant
women to be included,” said Raphael. “We
wanted to be sure that once this drug was
approved, pregnant women could get it, too.”

Their efforts paid off, and the PURPOSE 1
trial came together, including women, preg-
nant women, and adolescents.

“The clinical trials would never have been
as successful as they were had it not been
for Raphael,” said Thorp.

“The human voice matters as much as
the science to get to translation in the real
world,” said Ranney. “Yvette's leadership is
a gorgeous exemplar of how great science
is done.”

For her part, Raphael said her collabo-
ration with Das, where they both learned
from and pushed each other, was critical.

“I'd like to recognize Moupali's fearless-
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ness for creating greater participation from
the community,” said Raphael. “We called
her the ‘Das-rupter...I've been participating
in HIV prevention trials for 25 years, and ev-
ery time, we said we'd do better. | think with
Moupali, this is the best we have done.”

Ensuring that the people most impacted
by a drug are part of trials provides another
benefit that comes later. “We can discover
drugs and see they are successful in trials,”
said Raphael, “but the next outcomes won't
be as good if there's nobody to ‘own’ these
innovations, and to advocate for them to be
affordable and accessible. We did not want
this drug to sit on a shelf.”

For Raphael, the outcome of the trials
has been nothing short of a miracle. “It's
amazing that you need injections just twice
a year." She said the biggest surprise to her
was the 100% efficacy in PURPOSE 1. “It
was also surprising that it was such a short
trial” In 2024, the trial was stopped early
because of success it had already shown,
which meant the drug could become avail-
able sooner. “When that news broke,” she
said, “Africa stood still.”

“The PURPOSE 1 and 2 trials are exem-
plars for how to do a better job making
sure people who will one day want to use
the medication have a voice,” said Ranney.
“This will speed the implementation of the
drug on the other side.”

Raphael knows the research that made
this life-changing drug a reality started
decades ago, in Sundquist's lab, with stud-
ies of a viral capsid.

“This work changed how people think
about viral capsids,” said Sundquist. “It
meant that other people could think about
capsids as drug targets.”

The future of life-changing

basic research

Today, however, as funding cuts to basic re-
search are happening across the US, there
is growing concern. “If there's a weakness
in the pipeline and people don't know what

to target,” said Sundquist, “then drugs
don't get developed.”

“My worry as we watch funding to sci-
ence get cut” said Ranney, “is we won't
fully feel the ripple effects for 10 or 20
years because it can take that long for
discoveries to make their way into lives of
families and individuals.”

Raphael is concerned that cuts mean
“life-saving drugs will fall out the window.”
While lenacapavir is likened to a vaccine
for HIV, it is not one. “This is not the last
breakthrough for HIV prevention. Without
continuous funding for prevention and ad-
vocacy, we won't have tomorrow’s break-
throughs,” she said.

Programs like the President’s Emer-
gency Plan for AIDS Relief, or PEPFAR—
which has been a key component of global
health since it was founded by President
George W. Bush in 2003—are critical to
supporting HIV prevention. A study pub-
lished in Annals of Internal Medicine in
February of this year reported that elimi-
nating PEPFAR would lead to 601,000
HIV-related deaths and 565,000 new HIV
infections in South Africa alone over 10
years.

As of 30 April, 2025, PEPFAR’s current
short-term authorization has expired.
“The logical funding for distributing le-
nacapavir in the developing world would
come from PEPFAR, a program that has
been very successful, saving so many
lives, but is now basically on life support,”
said Sundquist. “This means lenacapa-
vir is really at risk of not being broadly
distributed in the places that need it the
most.”

Ranney said her hope is that the selec-
tion of winners for this year’s prize serves
to remind science funders of the impor-
tance of all stages of scientific innovation
and of giving freedom to science to pursue
great ideas. “It's important to fund basic
research, as we never know what is going to
be the next world-changing discovery." O
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Finding strength in sensitivity

Nemanja Stanojevi¢

remember the moment my mentor in medical school told me she wouldn’t be writing me a letter

of recommendation for my Ph.D. application—my planned next step. “You’re too sensitive,” she

said. As if something at the core of who I was—something I couldn’t change—disqualified me

from the future I had worked so hard for. At the time, I was devastated. Honestly, 4 years later,

I still am. It felt like a punch to the gut, delivered by someone I respected and trusted. That mo-
ment planted a doubt I've carried ever since. But it also ignited a spark that led me to realize what oth-
ers see as a weakness is ultimately a strength, albeit one that comes with daily challenges.

After six intense years of medical school, my mental health
had slowly deteriorated without anyone, including myself, no-
ticing. Right after graduating, I jumped into a Ph.D. program
abroad, intending to pursue a career that would combine
medicine and research, satisfying both my altruistic side and
my fascination with human physiology and disease. That pe-
riod was full of firsts: first time on a plane, first time living
away from my family and boyfriend, first time stepping into
the unknown of academic research.

Things quickly unraveled. I was anxious, constantly dis-
tracted, and overwhelmed by tasks others seemed to do with
ease—such as pipetting, or handling animals during experi-
ments. I'd wake up in the middle of the night convinced I'd left
the cell incubator open, even though I'd checked it several
times. The stress built up until I reached a breaking point. I
switched labs, effectively starting over, and finally began to take
my mental health seriously. In the second year of my Ph.D., I
saw a psychiatrist and received a diagnosis: bipolar II disorder.

Living with bipolar disorder as a Ph.D. student means sensi-
tivity isn’t optional—it’s part of how I move through the world.
Science is meant to be thrilling, but for me, every new experi-
ment brought waves of stress and doubt. I'd dive deep into the
research, trying to eliminate every unknown—sometimes so
much that I’d miss deadlines. People saw this as procrastina-
tion, and I kept hearing the same message: “Toughen up.” So, I
learned to hide my struggles, even if it meant pretending I was
fine when I wasn’t. But once I began treatment, I began to feel
I was finding some stability for the first time.

Then, in October 2023, conflict came to Israel, where I was
studying. With air raid sirens and drones overhead, I made
the hard decision to return home to Serbia. But coming back

brought its own pain. As a queer person, I didn’t feel safe or
seen in my home country. My newfound stability began to
unravel, and I knew I couldn’t stay. I left again, this time for
Denmark—to start my Ph.D. anew in a place where I could
live more freely.

Since arriving here, I've figured out ways to make this jour-
ney more sustainable, through trial and error. At the suggestion
of a friend, I take pictures and record videos of my experiments,
so I don’t have to stress about taking perfect notes. I've learned
to accept criticism without interpreting it as a personal attack.
I take my medication and reach out when I need help. Most of
all, I speak up for myself, letting my supervisors know which
situations will likely be a challenge for me.

My mentor’s comment about sensitivity still echoes in my
mind when things get hard. Sometimes I wonder whether she
was right. But with time I've come to see my sensitivity as some-
thing other than a weakness. It’s the source of the empathy that
compelled me to become a physician in the first place, and it’s
what pushes me to do research and learn more about the pa-
tients I will one day treat. My own experience with a chronic
condition has convinced me that patients need doctors who can
combine scientific precision with compassionate practice.

The rigid, high-pressure environment of academia isn’t easy
for people like me. But I'm stronger for having learned how to
protect my well-being while pursuing my passion. My mental
health struggles have forced me to check in with myself, respect
my limits, and make space for emotion in an environment that
treats it as a liability. [

Nemanja Stanojevi¢ is a Ph.D. student at Roskilde University. Do you have
an interesting career story to share? Send it to SciCareerEditor@aaas.org.
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