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Unlikely paths to discovery

Sometimes innovation can be traced back to bizarre places: a muddy streambed, a volcanic ash field or even a hotel-company boardroom

By David M. Ewalt edited by Jeanna Bryner
[image: Cover of the May 2026 issue of Scientific American, featuring an illustration of a heart on fire, against a brown background.] Scientific American, May 2026



In 1952 Collier's magazine published an article detailing aerospace engineer Wernher von Braun's vision for a space station, promising a spot where scientists and even tourists could stay "within the next 10 or 15 years."
Fifteen years later Hilton Hotels president Barron Hilton gave a speech at the American Astronautical Society in Dallas, where he laid out an idea for an orbiting hotel he expected to build within his lifetime. Thirty-two years after that, the company revived the idea with a new plan to build a space station hotel out of recycled space shuttle external fuel tanks.
Another 12 years passed, and Forbes magazine published an article about Robert Bigelow, another hotel-chain billionaire who was pouring money into a venture building inflatable space stations and who predicted a fully functional habitat by 2016. (I should know; I wrote it.)

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

Eight years after that, Barron Hilton died at the age of 91. A year after that, Bigelow's aerospace company laid off its entire workforce. Six years later--today--there's still no space hotel.
I share this history in part because I am acutely aware of the risk a magazine takes when it promises readers they will soon be able to vacation in space. But I'm also excited about Scientific American's take, which you'll find as part of our package of stories about "The Science of Luxury." We don't usually write about topics such as high-end fragrances or haute horology, but luxury goods often live at the technological cutting edge, and their manufacturers are doing science as innovative as what you'd find in a university lab.
Our cover story, "Your Heart in Flames," is a more traditional SciAm story but one that might get your pulse racing as much as a trip to space. Cardiologists have long puzzled over the fact that up to a quarter of the people admitted to hospitals for heart attacks and strokes every year don't exhibit any typical risk factors and have even worse outcomes than those who do.
Contributing editor Melinda Wenner Moyer tracks the scientists who've spent decades unraveling the mystery and finds that a growing body of research suggests the culprit isn't one of the "fearsome foursome" of risk factors (hypertension, smoking, high LDL cholesterol and type 2 diabetes). Instead it might be chronic inflammation, an immune system alarm that refuses to switch off. It's a thrilling, sometimes contentious shift that could rewrite how we prevent the world's deadliest disease.
Elsewhere in the issue, paleontologist Steve Brusatte shares a possible solution to another scientific detective story: how birds--and only birds--survived the asteroid impact that wiped out every other dinosaur in the end-Cretaceous. Brusatte overturns the old myth of a clean dinosaur extinction and reveals that survival came down to sheer circumstance, a matter of inhabiting the right places, eating the right foods and growing at the right pace when the skies went dark.
Writer Robert Kunzig takes us on a different kind of journey into an ecological crisis: the mysterious collapse of North America's freshwater mussels. Once the continent was home to more than 300 species, but now 10 percent of those are extinct already, and many more are endangered. Kunzig accompanies the biologists racing to solve the puzzle, including researchers who raise rare mussels in tiny concrete silos and ecologists who suspect that an invasive clam may be starving young mussels out of existence.
Science is full of mysteries, and sometimes the path to discovery begins in places we don't expect: a muddy streambed, a volcanic ash field, even a hotel-company boardroom or a corporate fragrance lab. I hope this issue serves as enjoyable and enlightening proof of that fact.

David M. Ewalt is editor in chief of Scientific American.
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Readers respond to the January 2026 issue

Letters to the editors for the January 2026 issue of Scientific American

By Aaron Shattuck 
[image: Cover of the January 2026 issue of Scientific American, featuring an orange robot, against a blue background.] Scientific American, January 2026



ARTIFICIAL UNCERTAINTY
In the opening paragraph of "Our Robotic Future," Ben Guarino presents three potential future scenarios in which robots perform particular tasks. I found this section chilling. I would hate to be the elderly person who is helped out of bed in the morning and dressed by a machine. The child whose room is straightened by a cleaning bot might benefit by learning to do so themself. And if mechanical hands assemble our products from start to finish, who will have earned the money to buy them? I believe the Luddites had a point.
JIM LOVE GREAT FALLS, MONT.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

An as yet unremedied challenge in the world's competitively charged arena of robotics powered cerebrally by artificial intelligence is Moravec's paradox. It presciently came on the scene in the 1980s.
The paradox contended that technologists would be much slower to design robots' sensorimotor skills than their reasoning skills. This despite the ultimate desire being to develop sensorimotor competencies and intelligence competencies along lines equally adept for their intended purposes.
It's no secret that such machines' improvements in the sensorimotor skills required to nimbly navigate unpredictably diverse spatial conditions--a nimbleness our species acquired evolutionarily--have been vastly slower to impress than AI's dash to intelligence. Guarino's article seems to confirm that's still the case.
The philosophical questions associated with thinking, understanding, creating and engaging in ingenious thought experiments that result in incremental change or even wholesale paradigm shifts might, deceptively, seem harder. Yet dexterity in bodily motions has posed the thornier trial for robotics developers globally.
KEITH TIDMAN BETHESDA, MD.
In describing the same machine that is pictured on the front cover of the January issue, Guarino's article says, "The OceanOne robot's anthropomorphic face is designed to reassure human divers underwater."
"Reassure"? To me, the face looks like it comes from a horror movie scene. Imagine exploring a reef in a dimly lit depth, looking over your shoulder and suddenly seeing that face and those eyes looking at you from a couple of feet away.
PERRY HARLEN MOUNT MAUNGANUI, NEW ZEALAND
BATS VS. BIRDS
In "Fine-Feathered Snack" [Advances], Meghan Bartels describes the successful capture of a songbird by a greater noctule bat (Nyctalus lasiopterus) in Spain, confirming suspicions that these large bats will eat birds. The finding is interesting, but I think that bats generally come off worse when they have encounters with birds.
In 2018 Royal Society Open Science published a study describing the severe decline in numbers of greater noctules in a Spanish park. An invasive population of parakeets was killing the bats to gain access to cavities in trees for roosting.
Many species of birds, most especially raptors and corvids, prey on bats, which are vulnerable to ambush as they leave their roosts. The bird of prey Falco rufigularis has even earned the name Bat Falcon.
The most macabre account of bird predation concerns a little songbird called the Great Tit (Parus major). Tits belong to the same family as American chickadees. Great Tits are tough and resourceful and are known to kill other small birds. There had been reports from Sweden and Poland of tits feeding on dead bats, but it was not known whether this was mere scavenging.
In the February 2010 issue of Biology Letters, researchers in Germany and Hungary published a report that described Great Tits pillaging a pipistrelle bat roost in a cave in Hungary during winters. There was some light in the cave from the large entrance, and the birds might have located the hibernating bats by listening for their calls. The birds would sometimes haul their still-living prey out to a nearby tree and kill them with pecks to the head or other parts of the body as they ate the brain, organs or flesh.
This was hard work for birds weighing around 20 grams and more accustomed to feeding on invertebrates, nuts and berries. When the researchers provisioned the tits with sunflower seeds and bacon, the birds usually left the bats alone. As your article states, "behavioral plasticity" can be key to survival.
CHRIS WARMAN NORTH YORKSHIRE, ENGLAND
GRIEF AND CLOSURE
"Mourning Becomes Electric," by David Berreby [December 2025], describes how some grieving people have found it helpful to interact with "digital ghosts" of their departed loved ones created by AI. Personally, the best source of closure that I have found comes from stories heard from old acquaintances, especially at end-of-life ceremonies.
"CURTIS" MENOMONIE, WIS.
DOG TALK
In "Discerning Dogs" [Advances; December 2025], Anirban Mukhopadhyay reports on how a relatively small number of dogs that understand an unusually large vocabulary might even be able to categorize words: in a study, such dogs could distinguish between "throw" and "pull" toys.
I wonder whether there might be an olfactory dimension to the categories. For example, "pull" toys might have a stronger scent of human skin from our palms and fingers, relative to "throw" toys, which might be an important factor for how a dog knows which toy belongs to which category.
JACQUELINE COOLIDGE CHEVY CHASE, MD.
ERRATA
In the March 2026 Letters column, Scott Cline's letter should have said that Abderrazak El Albani's idea is supported by recent discoveries from other researchers.
"Relativity Revealed," by Victoria Helm, Thomas Juffmann and Peter Schattschneider [March], should have said that Hendrik Lorentz was working in the 1920s when he believed the Lorentz contraction would be visible.
In "The True Worth of America's Public Lands," by Kyle Manley [March], the key in the box "Up for Grabs" should have indicated that the Bureau of Land Management is responsible for the federal lands shown in brown and that the U.S. Forest Service is responsible for those shown in green. The corrected illustration can be seen at www.scientificamerican.com/article/why-privatizing-public-land-wont-solve-the-housing-crisis

Aaron Shattuck is a senior copy editor at Scientific American.
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Inside NASA's audacious plan to save a doomed space telescope

NASA's Swift space telescope is doomed to burn up in Earth's atmosphere later this year. A daring mission to boost it to safety could have big implications for science

By Meghan Bartels edited by Sarah Lewin Frasier
[image: An abstract and colorful line drawing of a telescope tumbling through space.]The Swift Observatory is losing altitude--but a new robotic mission could save it.

 Violet Frances



NASA's Neil Gehrels Swift Observatory is in a race against time. For more than 21 years the Earth-orbiting telescope has surveyed the sky for gamma-ray bursts--the most powerful and luminous explosions in the universe--and whipped around to take a closer look. But on every orbit, it collides with countless particles from the planet's atmosphere. Each impact steals a tiny bit of the spacecraft's speed, pushing it a smidgen closer to Earth.
If left alone, the spacecraft will lose the race later this year and fall out of orbit, bringing a fiery end to its long scientific tenure. But NASA hopes to buy the telescope an extra decade through a long-standing space-technology dream: a mission in which a robot will gently glom on to Swift, push it up into a safer orbit, then set it free. If it works, the technique could open up new possibilities for science spacecraft more generally.
"There have been ideas like this around for a long time, and I think the technology is finally getting to the point where it's not crazy," says Jonathan McDowell, an astronomer and space sustainability analyst.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

The Swift Observatory is equipped with a Burst Alert Telescope that surveys a huge amount of the sky at once, looking for flashes of light and pinpointing their locations. When the spacecraft detects something interesting, it pivots within a minute or two to examine the spot with its other two telescopes--one catching ultraviolet and visible light and the other capturing x-rays.
It's this agility that inspired the mission's name and has enabled its continuing relevance to astronomy even after scientists solved their most pressing mysteries about gamma-ray bursts. Recently Swift has more often been used to follow up on intriguing detections made by other observatories. And in the coming years, as the Vera C. Rubin Observatory in Chile ramps up its work and NASA's Nancy Grace Roman Space Telescope launches, there will be many, many more such discoveries in need of swift--or, rather, Swift--observations.
"Swift is really the only facility out there that can provide that very rapid follow-up," says Brad Cenko, an astrophysicist at the NASA Goddard Space Flight Center in Maryland and principal investigator of the mission. "We think this capability is actually something that the demand is just going to continue to grow for."
Unfortunately, orbital physics has not cooperated. All spacecraft in low-Earth orbit, particularly the lowest 600 kilometers of space, are subject to drag from the atmosphere. The thicker the atmosphere, the worse the interference and the faster the fall. And the atmosphere's thickness increases and decreases with solar activity. When the sun is especially active--as it has been in the past couple of years--atmospheric density is higher.
Swift is feeling the burn of that extra atmosphere. The mission launched to an altitude of around 600 kilometers, where satellites can't avoid atmospheric interference, but as recently as early 2024 it looked likely to withstand solar maximum and operate into the 2030s. But the sun has been more active than expected, and by the beginning of 2025 it was clear that Swift was doomed to burn up later this year.
The observatory's team lobbied NASA for a rescue attempt based on the scientific value of Swift's fast-response capability--and the fact that its days are already numbered. "If you're successful, the scientific benefit is tremendous," Cenko says. "If you're not successful, obviously that's not the outcome that we want, but it's going to reenter sometime this year anyway."
[image: Diagram shows a cropped view of Earth with colored lines showing locations of Swift's original orbit, current orbit, target orbit and the minimum potential orbit for boosting.]Amanda Montanez



In September 2025 NASA signed a $30-million deal with Katalyst Space Technologies to attempt a rescue mission set to launch in early June. That's an incredibly fast timeline for any mission, let alone one attempting robotic servicing, a feat that has long been a challenge for space technologists and has never been attempted for a science mission. When NASA's space shuttles were flying, astronauts did carry out occasional servicing missions--most notably five flights to repair, upgrade and boost the Hubble Space Telescope. A robotic mission, though much cheaper, can't fall back on human ingenuity and quick thinking when a challenge arises, making the tactic much more difficult.
But the moment may finally be ripe. For example, industry behemoth Northrop Grumman has successfully operated two Mission Extension Vehicles to revitalize commercial communications satellites. Now Katalyst is ready to take a shot and is building a three-armed robotic spacecraft to grab hold of the decades-old observatory. "Swift was never designed for capture," says engineer Kieran Wilson, principal investigator on the Swift reboost mission at Katalyst. "The spacecraft was built more than 20 years ago, so there's not even great documentation around what some of these interfaces look like that we're looking to be able to grab on to."
Once complete, the spacecraft will be loaded onto a Northrop Grumman Pegasus rocket, which launches after being dropped out of a modified jet plane--a necessity to reach Swift's unusual orbit close to the equator. By July or August, if all goes well, the spacecraft will begin the monthslong process of tugging Swift up, aiming for an altitude of about 550 kilometers. After releasing the observatory, the Katalyst spacecraft will dive down to burn up in the atmosphere, embracing the very fate from which it hopes to save Swift.
It's a risky mission with no guarantee of success. "What keeps me up at night is the things that we don't control," says engineer Ghonhee Lee, Katalyst's CEO. But if it works, the rescue mission could not just revive Swift but change the blueprint for science satellites in general by making robotic life extensions a spaceflight reality.
"It's almost like it's a new mission," Cenko says. "But you're getting it for just a fraction of what it would cost to actually build something from scratch and fly it."

Meghan Bartels is a science journalist based in New York City. She joined Scientific American in 2023 and is now a senior reporter there. Previously, she spent more than four years as a writer and editor at Space.com, as well as nearly a year as a science reporter at Newsweek, where she focused on space and Earth science. Her writing has also appeared in Audubon, Nautilus, Astronomy and Smithsonian, among other publications. She attended Georgetown University and earned a master's degree in journalism at New York University's Science, Health and Environmental Reporting Program.
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Elephants' peculiar whiskers help them sense the world around them

Pachyderm whiskers are more flexible at the tip than at the base, allowing elephants to complete delicate tasks with their incredibly strong trunk

By K. R. Callaway edited by Tanya Lewis & Sarah Lewin Frasier
[image: Zookeeper feeling an elephant's trunk while giving it some fruit]Zookeeper feeling an elephant's whiskers.

 Heidelberg Zoo & Alejandro Posada, Max Planck Institute for Intelligent Systems



Watching an elephant forage for roots reveals both the strength and the sensitivity of its trunk. With more than 40,000 muscles, an elephant's trunk can upend a tree and then gently collect the fragments that fell. It takes baby elephants nearly a year to master using their trunk in this way, and it's taken humans even longer to understand how they're able to do it. The secret may come down to elephants' whiskers.
Researchers who analyzed the whiskers lining these animals' trunks have discovered a unique structural property that helps elephants sense the world around them and determine whether a task calls for strength or sensitivity. In a study published in Science, the authors show that elephants' whiskers--unlike the whiskers of other mammals--are more flexible at the tip and stiffer closer to the skin.
This observation helps scientists better understand elephants' "umwelt," or their individual sensory and perceptual experience of the world. "We found elephants are like aliens," says Andrew K. Schulz, lead study author and a mechanical engineer at the Max Planck Institute for Intelligent Systems in Germany. "They have these hornlike whiskers with a [puzzling] stiffness gradient."

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

Because elephants have such rough, armorlike skin, investigators knew the whiskers on their trunks were probably doing a lot of sensory work to allow the animals to interact delicately with the world around them. But to truly understand these tiny filaments, they needed a much closer look. Alongside imaging and mechanical tests, Schulz and his colleagues used a CT scanner specially built for small objects to create a digital rendering of the elephant whiskers; this let the team analyze whisker structure from the inside out.
[image: A close up of the inside of an elephant's trunk.]Armin Kritzinger/Getty Images



The part of the whisker closer to an elephant's skin is very strong and porous, they found, whereas the tip's material is denser and much more flexible. Wanting to understand the mechanics of this unique form, the team members 3D-printed a supersize version of a whisker with an accurate stiffness gradient to feel for themselves.
"I was walking down the hallway and hitting things [with the whisker], and I had this true eureka moment," says Katherine J. Kuchenbecker, senior author of the study and director of the haptic intelligence department at the Max Planck Institute for Intelligent Systems. She noticed that hitting something hard with the stiff base of the whisker felt much more solid and crisp than hitting something with the softer tip, giving her a sense of the object without her skin even touching it.
Elephants use their trunks to breathe, smell, grab things, communicate and even perceive objects outside their line of sight. And their whiskers help to shape these experiences. "Nearly every mammal--not just elephants--has whiskers whose size, shape and material properties are almost certainly adapted to the way that species uses touch in its environment," explains Mitra Hartmann, a biomedical and mechanical engineer at Northwestern University, who was not involved in the study.
Schulz and his team incorporated their data into a tool kit for researchers in other fields to explore. They are particularly interested in seeing how materials with a similar stiffness gradient could be applied to robotics. Maintaining machines' strength while making them soft enough to avoid damaging the materials they interact with is a major robotics challenge.
"This study is a fabulous example of interdisciplinary science," says John Hutchinson, a biologist at the University of London's Royal Veterinary College. "It is elegant neuroscience, anatomy and mechanics."

K. R. Callaway is an editorial intern at Scientific American. She specializes in science, health, history and policy.
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The world's deepest sensors will detect earthquakes around the world from far below Antarctica

Here's how scientists drilled 8,000 feet through ice to place the world's deepest seismometers

By Vanessa Bates Ramirez edited by Sarah Lewin Frasier
[image: A close up of a drill drilling into a thick chunk of ice.]Researchers drilled 8,000 feet into South Pole ice to install two seismometers.

 Robert Anthony/USGS



On the surface, Antarctica's vast ice sheet appears still and unchanging. But deep below, vibrations ripple through the frozen plain, transmitting the movements of Earth's tectonic plates--and scientists now have a formidable new set of tools to listen in with. The U.S. Geological Survey (USGS), collaborating with the IceCube Neutrino Observatory at the South Pole, has installed the deepest seismometers ever deployed. At 8,000 feet under the ice, the two instruments will record earthquakes of magnitude 5 or greater anywhere on the planet with unprecedented accuracy and help to reveal new details of Earth's deep interior in the process.
The South Pole is one of Earth's quietest places because there is very little humanmade infrastructure and no background "noise" from the planet's rotation, which can distort seismometer data. At their depth, the new seismometers may also be shielded from disruptive changes in atmospheric pressure, says USGS research geophysicist Robert Anthony, the Deep Ice Seismometer project manager.
Engineers "drilled" holes by shooting pressurized hot water into the ice to melt it. "The drill is producing as much energy as the most powerful steam locomotive ever made and channeling it all through an orifice the size of a penny," Anthony says. At a rate of roughly three feet per minute, the drill can complete a hole in about 50 hours, after which the team has another 50 hours to lower strings of instrumentation before the ice refreezes. To contend with the pressure at a depth of 8,000 feet, the seismometers are encased in a stainless steel vessel built to withstand 10,000 pounds per square inch.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

Each seismometer contains a small pendulum suspended within a magnetic field; when a vibration reaches the sensor, a resistor measures the magnetic-field strength required to keep the pendulum stationary. "This lets us record lower-frequency ground motions all the way down to the solid Earth tides driven by the gravitational attraction of the sun, Earth and moon," Anthony says. Scientists can use these data to quickly characterize how a fault moved to generate an earthquake, which can help them determine whether it also triggered a tsunami. The South Pole station fills a significant gap in global seismic coverage, researchers say, because of its distance from other stations and the lack of interference from Earth's rotation.
"Earthquake waves don't just shake the surface; they go in all directions, including down," says David Wilson, director of the Global Seismographic Network. The deep seismometers will be particularly good at recording long-period seismic waves created by large earthquakes (about magnitude 7 or greater). "These waves can go on for months after a large earthquake because there's nowhere for the energy to go to dissipate," Wilson says. "Imagine hitting a bell. It's going to sit there and ring until the energy completely dies down."

Vanessa Bates Ramirez is a science and technology journalist focused on energy and climate tech, artificial intelligence and biotechnology. Her work has appeared in Time magazine, Forbes, AI Frontiers, Scientific American and SingularityHub, among other outlets. Follow Ramirez on X @vanessabramirez
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This bizarre substance breaks the rules of both glass and plastic

Scientists thought glassy substances had to be either moldable or impact-resistant--but compleximers are both

By Rohini Subrahmanyam edited by Sarah Lewin Frasier
[image: Conceptual illustration of the path of a falling brick over a head covered by a helmet-like top.] Thomas Fuchs



"Compleximers"--materials that can be molded like window glass but that resist impacts like plastic does--shouldn't exist, researchers say. Nevertheless, a few grams of one such substance sit in a laboratory at Wageningen University in the Netherlands.
In Nature Communications, Wageningen physical chemist Jasper van der Gucht and his team describe what makes compleximers as meltable as glass yet as hard to break as plastic. Someday this paradoxical stuff could make it easier to fashion and fix sturdy protective gear such as helmets.
Window glass, called silica, and most plastics are "glassy" materials--when they cool from their liquid states, they don't solidify into crystals with neatly arranged atoms like water does when it freezes into ice. Instead they form an amorphous mass that feels like a solid but has randomly arranged atoms like a liquid.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

For decades scientists have thought, based on experimental observations, that the lower a glassy material's melting rate, the less impact it can bear. Both slow-melting window glass and faster-melting plastic abide by this rule: the former changes state slowly but shatters easily, whereas the latter solidifies and melts abruptly but can better withstand impact. But van der Gucht and his team found that compleximers completely defy this law. The trick could lie in the material's structure: its long chains of molecules, called polymers, are held together by a far-reaching kind of bond.
The researchers initially created compleximers, a term they coined, as an easily recyclable alternative to a type of plastic called thermoset. Thermosets are made up of polymer chains held tightly together by extremely hard-to-break chemical bonds, which makes them very stable but hard to recycle. The researchers added charged molecules, which made the chains cling to one another using an ionic, "opposites attract" type of bond instead, and they incorporated water-repelling compounds to stop the chains from disintegrating in water. The charged molecules' ionic interactions--which hold over longer distances than the previous chemical bonds--may help compleximers stay compact rather than rapidly expanding to melt immediately when heated, the team suggests.
Ionic interactions could improve the mechanical properties of glass-forming materials and make them easier to work with, says University of Chicago chemical engineer Matthew Tirrell, who was not involved in the work.
The slow melting also means compleximer-based objects are easier to fix than ones made of thermosets; "just by heating it with a heat gun, you can repair a scratch or a crack," van der Gucht says.
Both researchers say this rule-defying material could also give physicists a better understanding of how glass forms, a phenomenon called the glass transition. Finding these long-range interactions that make glassy materials melt differently, van der Gucht says, "should help theorists explain the glass transition in a more general sense."

Rohini Subrahmanyam is a biologist turned science journalist. She loves writing about interesting creatures on our planet. Subrahmanyam received a Ph.D. from the National Center for Biological Sciences at the Tata Institute of Fundamental Research in India. Follow her on X (formerly Twitter) @rohsubb and on LinkedIn, and see her portfolio here.
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Ancient art could hold clues to the origins of written language

Thousands of markings on objects made around 40,000 years ago may have been more than just doodles, a new analysis suggests

By Jackie Flynn Mogensen edited by Claire Cameron & Sarah Lewin Frasier
[image: Mammoth figurine bears multiple sequences of crosses and dots on its surface]A 40,000-year-old ivory mammoth carving from Vogelherd Cave in Germany.

 Universitat Tubingen/Hildegard Jensen



One of the oldest known pieces of art on the planet is a figurine of a mammoth that was carved in ivory by a Stone Age artisan some 40,000 years ago. The figurine was found in what is now Germany and is marked with mysterious crosses and dots. A new analysis of the object and hundreds of others found in caves in the same region now suggests the markings might have held particular meaning to their ancient creators.
Researchers examined more than 3,000 markings on 260 Stone Age objects, including the mammoth, a mysterious lion-human hybrid, and lesser known tools and musical instruments, says Ewa Dutkiewicz, a research associate at the Museum of Prehistory and Early History in Berlin. They determined that the markings' patterns are as statistically complex as protocuneiform, an early form of writing seen on tablets from ancient Mesopotamia dating to around 3500 B.C.E.
[image: This so-called numero-ideographic tablet features number signs on the left-hand side and more diverse ideographs on the right-hand side]A protocuneiform tablet.

Staatliche Museen zu Berlin, Vorderasiatisches Museum/Olaf M. Tesmer
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This type of work can be "challenging," in part because such ancient markings are practically impossible to interpret, explains Genevieve von Petzinger, a paleoanthropologist and National Geographic Emerging Explorer, who studies the origin of writing and wasn't involved in the study. But looking for patterns in the symbols such as intentionality and repetition "are two excellent approaches for at least trying to confirm that these marks were meaningful beyond being decorative doodles."
To find out whether the markings were decorations, tallies of hunting kills, or something else, Dutkiewicz worked with linguist Christian Bentz, who studies the history of language at Saarland University in Germany. The pair digitized the markings and compared features--such as sign diversity and repetition--with those of other, more recent sign systems. The pattern doesn't resemble modern-day writing. But when Bentz compared the marks with early protocuneiform, he says, the similarity was unmistakable.
[image: A small ivory plate bearing an anthropomorphic figure and multiple sequences of notches and dots]A 38,000-year-old figurine.

Landesmuseum Wurttemberg/Hendrik Zwietasch



"I couldn't believe it. I went through the data again and again," Bentz says. The Stone Age markings and protocuneiform appear to have equal complexity, even though their makers were separated by some tens of thousands of years and considerable distance.
Across the 260 objects, ivory figurines such as the mammoth carried more information-dense markings than tools did, the researchers say. Crosslike marks didn't appear on objects depicting humans, and dots didn't appear on tools--indicating that the markings must have had some kind of symbolic meaning to the Stone Age humans who made them, Bentz says. "The organization [of the markings] points to the transmission of more complex ideas," von Petzinger says. The findings were published recently in the Proceedings of the National Academy of Sciences USA.
Decoding what these specific markings meant is an exceptionally difficult, if not impossible, task. But Bentz and Dutkiewicz's methods could help other researchers determine what similar markings on other ancient objects from elsewhere around the world may signify--even though they cannot read them.
"The more we can learn about the selection of 'writing' surfaces and choices about specific images and signs, the more we will be able to learn about this period from which [writing] later emerged," von Petzinger says.

Jackie Flynn Mogensen is a breaking news reporter at Scientific American. Before joining SciAm, she was a science reporter at Mother Jones, where she received a National Academies Eric and Wendy Schmidt Award for Excellence in Science Communications in 2024. Mogensen holds a master's degree in environmental communication and a bachelor's degree in earth sciences from Stanford University. She is based in New York City.
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Love Island: Rare berry bonanza spurs Kakapo baby boom

A massive bloom of rimu berries fueled a mating surge among the world's heaviest (and strangest) parrots

By Elizabeth Anne Brown edited by Sarah Lewin Frasier
[image: A male Kakapo peers from the bushes]Rare Kakapo have distinctive looks and unusual reproductive requirements.

 Nature Picture Library/Alamy Stock Photo



The biggest berry bloom in New Zealand's forests in decades has set off a mating frenzy among the critically endangered Kakapo, the world's beefiest parrots.
With the face of a Muppet and the physique of a Furby, the Kakapo is an all-around preposterous creature. It's nocturnal and lime green, and, as science-fiction writer Douglas Adams wrote, it "flies like a brick." The animals produce a strong, fruity musk, can weigh as much as a house cat, and can potentially live for 90 years or more.
At the beginning of 2026 only 236 Kakapo remained in the world, and to the chagrin of their human conservation team, the birds rely primarily on a single fruit to set the mood for love. The animals mate prolifically only when the rimu tree--a towering conifer that can live for a millennium--produces a bumper crop of bright-red berries, which happens every two to four years.
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During the berry-backed courtship rituals, male Kakapo use their stumpy little legs to scrape and stomp out earthen amphitheaters called booming bowls, which amplify their courtship song--a resonant, low-pitched call that carries for miles. "Rather than hearing it, you kind of feel it in the chest," says Andrew Digby, science adviser for the Kakapo team at the New Zealand Department of Conservation.
[image: A bird sits on three visible eggs.]Kakapo on her nest.

Andrew Digby/New Zealand Department of Conservation



Nearly all female Kakapo of reproductive age have bred this year, Digby says, producing an impressive 248 eggs and counting. About half of the eggs will be fertile. Fewer will hatch, and fewer still will survive long enough to fledge. As of mid-March, scientists had tallied 70 living chicks.
Recent population gains wouldn't have been possible without a handful of Kakapo "superbreeders" like Blades, a Kakapo Don Juan of unknown age who, after fathering 22 chicks since 1982, has been banished to "Bachelor Island" for fears that he'll flood the gene pool. "He was a victim of his own success," Digby says. "He was too popular."
[image: Tiny chick perches with its head sticking out of a small bag held in someone's fingertips]Preparing to weigh a one-day-old chick.

Lydia Uddstrom/New Zealand Department of Conservation



Once the fortunate eggs hatch, the females will rear their chicks alone. Every night Kakapo moms use beak and talon to climb into the rimu tree canopies, up to 100 feet above the ground, to harvest berries--about a pound's worth per chick each day. Some females have reproduced for more than 40 years, creating strong "dynasties," Digby says. One Kakapo matriarch named Nora has participated in 13 breeding cycles since 1981 and became both a mom and a great-great-grandmother this season.
This year the New Zealand Department of Conservation set up a nest cam to let people watch Kakapo supermom Rakiura hatch and rear foster chicks, fending off nest intruders that include shorebirds and bats. Although Rakiura is only 24 years old, she has successfully raised nine of her own chicks and fostered many more for less experienced females. Newly hatched chicks look like dandelion puffs, but within a few weeks they become "weird little dinosaurs with these huge, oversize feet," Digby says.
[image: A small chick slumbers on someone's hand.]One-day-old Kakapo chick during a health check.

Lydia Uddstrom/New Zealand Department of Conservation



The team hopes enough chicks will survive this year to bring the world Kakapo population to 300--a major milestone for a species that was teetering with just 51 individuals in 1995. The flightless birds were easy pickings for invasive predators, including house cats, dogs and weasel-like stoats--the fruity eau de Kakapo is pungent enough that even humans can track them by scent. The Kakapo found sanctuary on three predator-free islands where the Ngai Tahu people act as kaitiaki, or "caretakers," of the birds. "It's a taonga species, a treasure to us," says Tane Davis, who has been the Ngai Tahu's representative in Kakapo conservation for 20 years.
The Kakapo population has outgrown these refuges, and the pressure is on to "restore the mauri, or 'life force,' of the habitat" on larger islands by removing the invasive predators there, Davis says. The 2026 breeding cycle represents a new era for the Kakapo, Davis and Digby agree. At the Ngai Tahu's request, some of the chicks born this year won't be named. "It's about letting them have their lives back in the wild," Davis says.

Elizabeth Anne Brown is a freelance science journalist based in New Jersey. Her work has appeared in the New York Times, National Geographic, MIT Tech Review, and many other outlets. Read more at elizabeth-anne-brown.com.
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These mysterious neurons in your heart save you from fainting every time you stand

Researchers pinpointed the purpose of mysterious heart neurons in mice--and humans have them, too

By Jacek Krywko edited by Sarah Lewin Frasier
[image: Conceptual illustration of two hearts sitting on a couch.] Thomas Fuchs



When you get up out of a chair, your blood pressure instantly increases to compensate for the movement and keep you from fainting. For decades researchers thought neurons called baroreceptors in arteries controlled this process by signaling the sudden drop in blood pressure to the brain, which then issues orders to constrict blood vessels. Some experts suspected that other neurons might help maintain blood pressure during such shifts in posture, but they didn't know which ones.
For a study published recently in Nature, scientists took a close look at mysterious neurons in the heart that could be involved. "They have been known to exist, but we had no idea what they were sensing," says study senior author Stephen Liberles, a molecular neuroscientist at Harvard University. Working with mice, his team focused on a protein called PIEZO2 that converts pressure on cell membranes into nerve signals. The researchers found PIEZO2-expressing neurons wrapping around all four chambers of the mouse heart in intricate, weblike structures. "There are such neurons in the human heart as well," Liberles says.
To understand the neurons' function, Liberles and his colleagues rotated mice from horizontal to upright while monitoring their vitals in real time. A healthy mouse instantly adjusts its heart rate to compensate for such a posture change. When the researchers injected mice with a toxin that selectively killed the PIEZO2 neurons in the heart, however, their blood pressure plummeted, and they failed to recover. When the researchers induced hemorrhaging in the mice, the PIEZO2 neurons acted long before sensors in the arteries would have been able to sound the alarm--suggesting that they have a direct line on blood volume.
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The team suspects that the brain most likely gets a general sense of blood pressure from the arteries but relies on these newly discovered heart sensors for high-fidelity updates on the volume of blood moving through the organ.
"The authors conclude that PIEZO2-expressing neurons are required to maintain blood pressure and support survival during blood-volume depletion," says Ardem Patapoutian, a molecular biologist at the Scripps Research Institute, who was not involved in the study. Patapoutian won the 2021 Nobel Prize in Physiology or Medicine for discovering the role PIEZO1 and PIEZO2 proteins play in sensing mechanical stimuli. "This is an important study that offers valuable insights into cardiovascular regulation," he adds. But our hunt for mysterious circulatory neurons is far from over.
Liberles and his colleagues note in their study that there are at least six different neuron types in the cardiovascular system, and we still don't know the function of three of those six. "We want to know how they work," Liberles says. "There's a lot to do."

Jacek Krywko is a freelance writer who covers space exploration, artificial intelligence, computer science and all sorts of engineering wizardry.
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'Mind-blowing' baby chick study challenges a theory of how humans evolved language

Newborn chicks connect sounds with shapes just like humans, suggesting deep evolutionary roots of the "bouba-kiki" effect

By Cody Cottier edited by Allison Parshall & Sarah Lewin Frasier
[image: A composite image of two chicks considering spiky and bulbous abstract shapes] HUIZENG HU/Getty Images (photography); Jeffery DelViscio (illustrations)



Why does "bouba" sound round and "kiki" sound spiky? This intuition that ties certain sounds to shapes is oddly reliable all over the world. For at least a century scientists have considered this reliability a clue to the origin of language, theorizing that maybe our ancestors built their first words on these instinctive associations between sound and meaning. But a study published recently in Science adds an unexpected twist: baby chickens make these same sound-shape connections, which suggests the link to human language may not be unique. If a barnyard hen agrees with our innate connections between shapes and sounds, you might wonder whether we've been pecking at the wrong linguistic seed.
Maria Loconsole, a comparative psychologist at the University of Padua in Italy, and her colleagues decided to investigate the so-called bouba-kiki effect in chicks because the birds could be tested almost immediately after hatching, before their brain could be influenced by exposure to the world. The researchers placed chicks in front of two panels: one featured a flowerlike shape with gently rounded curves; the other had a spiky blotch reminiscent of a cartoon explosion. They then played recordings of humans saying either "bouba" or "kiki" and observed the birds' behavior. When the chicks heard "bouba," 80 percent of them approached the round shape first and spent an average of more than three minutes exploring it, compared with an average of just under one minute spent exploring the spiky shape. The exploration preferences flipped when the chicks heard "kiki."
[image: Curvy blob and spiky star illustrate ]Amanda Montanez
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Because the tests took place within the chicks' carefully supervised first hours of life outside their eggshell, this association between particular sounds and shapes couldn't have been learned from experience. Instead it may be evidence of an innate perceptual bias that goes back much further in our evolutionary history than previously believed.
"We parted with birds on the evolutionary line 300 million years ago," says Aleksandra Cwiek, a linguist at Nicolaus Copernicus University in Torun, Poland, who was not involved in the study. "It's just mind-blowing."
In a 2022 paper, Cwiek and her colleagues demonstrated that the bouba-kiki effect held across diverse cultures and writing systems worldwide. Other experiments have found that human infants perform similarly on these tests, even before they've learned to speak. In 2019 and 2022 researchers tested the effect in great apes and found that they failed the bouba-kiki test, which suggested that the effect might be exclusive to humans and our linguistic capabilities.

Loconsole argues that the apes' prior communicative training might have skewed their performance. Jared Taglialatela, director of the Ape Initiative research center in Iowa and co-author of one of the ape studies, agrees. That study's subject, Kanzi the bonobo, who recently passed away, was often given similar language-related tests. It's possible that when Kanzi encountered these new nonsense words, he tried to guess their "meaning" rather than following his gut association.
In light of the new chick findings, Cwiek has also taken a broader view. "It actually makes the question of bouba-kiki being a solution to language evolution less interesting because it is prelanguage," she says. "I think it shows us something deeper about cognition, about the capacity for connecting senses."
As for what on Earth makes "bouba" round and "kiki" spiky, we may be able to rule out one long-standing theory: that these associations are inspired by the shape your mouth makes when you say each word. The "b" sound does require rounding your lips, and the "k" sound calls for an explosive tongue tap to the roof of your mouth, but obviously chickens can't say these words at all. Instead the bouba-kiki effect may stem from the physical properties of objects, as some researchers have suggested. When round objects hit the ground or roll, they typically produce more continuous, low-frequency sounds than spiky ones. A built-in grasp of those dynamics, linking sight and sound, could help newborn animals quickly make sense of their environment, possibly to locate food or avoid predators.
The bouba-kiki effect might have played a role in the emergence of language, along with many other cognitive faculties. But for chickens (and presumably other animals), these same predispositions seem to serve a more evolutionarily ancient purpose. "Even if language [is] unique to humans," Loconsole says, "that doesn't mean that it comes from an ability that is unique to humans."

Cody Cottier is a freelance journalist based in Fort Collins, Colo, who frequently covers evolution and the environment.
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Math Puzzle: A disassembly job


By Heinrich Hemme 
[image: Diagram shows an eight-by-eight square grid with the letter A in the upper left corner, B in the lower left, D in the upper right, C in the lower right, and A, B, C and D in consecutive cells of the fifth row, from left to right, starting in the fifth column.]
Divide this grid into four identical, nonoverlapping shapes along the square boundaries. Each shape must contain two of the same letters.
There are four different solutions, which differ only slightly from one another.
[image: Diagram shows four iterations of the grid and letters in the puzzle. Each grid is overlaid with one irregular shape rotated four times to fill the entire square.]The first solution shown has a shape that stretches across seven squares at the top and that has a portion that goes down five squares from below the second square in the top row, then four more squares to the right and then one up. The second solution shown has a shape that has six squares across the top, two squares starting from the left side in the row just below that and a segment that extends four squares down from the rightmost square in the latter portion, then three across and then one up. The third solution shown extends five squares across the top and includes two squares below the leftmost square in that row, along with a segment that goes five squares down from the second leftmost square in the top row, then three more to the right and then one up. The fourth solution shown starts with a segment that goes five across the top and has a second portion that goes down two squares from the starting point, then right one square and then down four, as well as another segment that goes three squares right from the second square from the bottom in the vertical portion and then up one.






We'd love to hear from you! E-mail us at games@sciam.com to share your experience.
This puzzle originally appeared in Spektrum der Wissenschaft and was reproduced with permission. It was translated from the original German version with the assistance of artificial intelligence and reviewed by our editors.

Heinrich Hemme is a physicist and a former university lecturer at FH Aachen-University of Applied Sciences in Germany.
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These baby beetles work together to look--and smell--like flowers

Parasitic beetles are the first animals known to imitate floral scents

By Chris Simms edited by Sarah Lewin Frasier
[image: Close up of beetles in a flower shape.]Blister beetle larvae demonstrate a clumpy flower impression.

 Danny Kessler



The European blister beetle lays thousands of eggs in the spring. When they hatch, the bright-orange larvae shimmy up flower stems and sit in clumps, waiting for passing solitary bees to latch on to with hooklike appendages so they can grab a lift. Now researchers have found that these clumps give off a distinctly floral scent--making the larvae the first animal known to mimic a flower's smell.
Ryan Alam, a chemist at the Max Planck Institute for Chemical Ecology in Germany, and his colleagues found that the larvae attract bees by emitting a collection of 17 scented compounds often found in flowers, including linalool oxide and lilac aldehyde. Once a larva has been airlifted to a bee's nest, it feeds on the bees' eggs and supplies of pollen and nectar. It stays there until it pupates and then leaves as an adult to restart the cycle.
In addition to attracting bees, the larvae's perfume also draws other larvae, which could help them to form those flowerlike aggregations. The study was posted on the preprint server bioRxiv and hasn't been peer-reviewed, but it "presents a convincing case that the beetle larvae are mimicking flowers chemically, and perhaps visually, so as to deceive and attract bees," says Jim McLean, an evolutionary biologist at Macquarie University in Australia, who was not involved in the study.
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Animals such as the orchid mantis mimic the look of flowers, and the corpse flower emits a smell like rotting meat to attract insects, but these beetles add a new strategy to the mimicry playbook, Alam says.
Dmitry Telnov, an entomologist at the Natural History Museum in London, who was also not involved in the study, notes that a different blister beetle species in the U.S. can mimic the sex pheromones of host bees. Mimicking smells "might be an evolutionary approach used by blister beetles to attract specific species," he says, "which is absolutely surprising."

Chris Simms is a science writer and editor based in Somerset, England. Follow Simms on Bluesky @chrisnsimms.bsky.social
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Super heat conductor challenges fundamental physics

With performance three times better than copper's, this new material could substantially improve heat management of electronics, data centers and energy systems

By Rachel Nuwer edited by Sarah Lewin Frasier
[image: Copper conductivity conceptual illustration.] Thomas Fuchs



Copper moves the world's heat. For more than a century it has been recognized as one of the best heat conductors in nature, and this property made copper the go-to choice to cool electronics, industrial equipment, data centers and power systems. But there's a new, record-breakingly cool metal in town.
As reported in Science, a metallic material called th-phase tantalum nitride achieved a thermal conductivity of about 1,110 watts per meter-kelvin--about three times higher than copper's 400 watts per meter-kelvin. And it works in a way scientists have never seen before. "Our result breaks the historic ceiling for heat transport in metallic materials," says senior author Yongjie Hu, a physicist and engineer at the University of California, Los Angeles. "Given [this conductor's] superior performance, it has the potential to complement or even replace copper."
Similar to the way pure carbon can form diamonds, graphene, or other structures, tantalum nitride exists in multiple forms with very different properties. Scientists have known about some of those forms for decades, but until now no one had studied the specific configuration Hu and his colleagues focused on, in which the material's atoms are arranged in a continuous, highly ordered crystal lattice. In this structure, the researchers found that both electrons and packets of vibrational energy called phonons, which carry heat and sound, encountered less resistance compared with conventional metals, letting them conduct heat better.
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The material also revealed a previously unexplored strategy to boost metallic heat conduction. In ordinary metals, phonons are frequently disrupted by collisions with one another and with electrons, reducing their ability to dissipate heat. In the form of tantalum nitride that Hu and his colleagues studied, the atomic structure of the crystal lattice lets phonons travel unusually long distances with minimal interference. This discovery provides a new direction for scientists designing next-generation thermal materials, Hu says.
The study's findings "are both exceptional and conceptually important," says Xiaojia Wang, a mechanical engineer at the University of Minnesota who was not involved in the research. The team rigorously verified its measurements, which suggests they are robust, she says, and if the material can be manufactured at scale, it could have a "substantial impact" on thermal management for electronics, data centers and energy systems.
Hu adds that th-phase tantalum nitride could be especially valuable as artificial intelligence gains even more widespread use and heat dissipation becomes a data-center bottleneck. For materials scientists, the work could also provide inspiration to challenge other long-standing constraints. "Do we truly understand where the real limits lie, or do the boundaries assumed for decades to be fundamental simply reflect our current tools and understanding?" Hu asks. "Now that the record has been broken for heat conduction, it makes us rethink whether other assumed boundaries in materials physics could also be broken."

Rachel Nuwer is a science journalist and author. Her latest book is I Feel Love: MDMA and the Quest for Connection in a Fractured World (Bloomsbury, 2023). Follow her on Bluesky @rachelnuwer.bsky.social
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Mining companies are using cosmic rays to find critical minerals

As rich ore gets harder to find, the mining industry is using subatomic particles to map rock deep underground

By Adam Bluestein edited by Eric Sullivan
[image: An inside look at an Ideon detector placed at the top of a mine tunnel.]An Ideon muon detector scans for hidden ore deep inside a Nevada mine tunnel.

 Alan Madsen/(c) Ideon Technologies



Operating since 1903, Rio Tinto's Kennecott Mine near Salt Lake City remains one of the most productive mines in the world, where workers pulled 134,000 metric tons of copper from the earth last year, along with significant amounts of gold, silver and molybdenum.
That doesn't come close to keeping up with demand, though. Prices of copper and other critical minerals surged to record highs last year, driven by supply shortages and aggravated by trade wars. The shortages show no signs of easing. According to J. P. Morgan, the global refined-copper shortfall will hit 330,000 tons this year and could widen to as much as eight million tons by 2035. The United Nations predicts that demand for critical minerals could triple by 2030. To meet its Net Zero 2050 goals, the International Energy Agency estimates that annual production of these minerals will need to increase sixfold.
A top-tier copper mine can be productive for many decades, but longevity comes at a cost. The Kennecott Mine, the deepest open-pit mine in the world, is the biggest human excavation ever--more than four kilometers wide and more than a kilometer deep. Its impact on the environment and landscape is massive. And the ore coming out of the mine today is lower grade than it used to be, meaning miners must extract a lot more waste rock to get the same amount of processed ore. Meanwhile the search for new deposits has stagnated; for every 1,000 precious-metal prospects worldwide, it's estimated that fewer than five will ever become productive mines.
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Meeting current and future supply shortfalls requires progress on two fronts simultaneously: finding new deposits and extracting material more efficiently from existing ones. Underlying both efforts is the need for better tools to tell us what we'll find when we start digging--so-called subsurface intelligence. If it works, the tech could lead to less trial-and-error drilling. The risk is that better intelligence could just accelerate extraction in an industry whose impacts remain enormous.
Mineral exploration has always been an exercise in inference. Geologists work from surface clues--mineral outcroppings, soil samples, magnetic anomalies--to make educated guesses about what lies underneath. To improve success rates in finding new "greenfield" mineral reserves--previously unexplored sites where no mining infrastructure yet exists--companies such as Earth AI and KoBold Metals are using novel artificial-intelligence models to find patterns in decades' worth of existing geological and survey data. The companies say early results are promising, yielding new discoveries of copper and palladium. But any large deposit discovered today will take years--often decades--to become an active mine. A 2023 S&P Global analysis found that from 2002 to 2023, new mines took an average of 15.7 years to develop from discovery to production; in the U.S., the average is 29 years.
Those massive timelines are driving mining companies to expand older "brownfield" surface mines by going underground, using a method called block caving--a brute-force technique that makes the need for subsurface intelligence more urgent than ever. Widely used in copper and gold mining, block caving is suited to lower-grade ore deposits that are more or less vertically oriented. It works a little like open-pit mining in reverse. Engineers dig underground tunnels, then blast an undercut below the ore body, forming an artificial cavern. Large rock funnels called drawbells are built below the undercut to channel rubble into loaders. Once the setup is complete, the undercut removes the ore body's support, and the rock above starts to fracture and cave in under its own weight, crushing itself as it funnels into the drawbells.
[image: A dry landscape view of a drill rig site.]AI models guide Australia-based Earth AI's drill rigs to unexplored "greenfield" sites.
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In theory, once a block cave is established, no additional blasting or construction should be required. As the funnels empty, broken ore continues to drop away from the "roof" above the undercut--picture coffee beans pouring out of a clear bulk dispenser when you open a slot at the bottom. As material is removed, the collapse progresses upward through the ore body until it is exhausted.
Block caving is far cheaper than other underground mining methods, in part because gravity helps to crush and move the ore. That makes the lower-grade ore that mining companies are going after these days economically viable. Block caving also keeps much of the disturbance underground, generating far less surface waste rock than open-pit operations. The method carries significant risk, however. Developing a large block caving operation requires building a massive underground infrastructure of tunnels, roads, railways, shafts and conveyor belts, which can cost upward of $10 billion. Block cave mines are also vulnerable to catastrophic failures--collapses, air blasts, and inrushes of water, mud and rock. To keep a mine from collapsing prematurely or trapping workers, engineers need to know how the rock is fracturing deep out of sight. That requires continuous, high-resolution mapping of an environment that is constantly destroying itself.

Mapping that subterranean chaos is where cosmic rays come in. British Columbia start-up Ideon Technologies, a spin-off from TRIUMF--Canada's national particle-accelerator center--has built its business around muon tomography. Gary Agnew, the company's co-founder and CEO, describes the approach as "the first net new geophysical technique in literally decades."
Muons are subatomic particles produced when cosmic rays from supernova explosions interact with matter in Earth's upper atmosphere. They rain down continuously, traveling at nearly the speed of light and penetrating up to 1.5 kilometers into Earth's surface. Crucially, each muon carries information about its direction of travel and the density of the material it has passed through. Placing detectors underground and measuring arriving muons makes it possible to create a high-resolution, cone-shaped, three-dimensional map of the surrounding rock.
Agnew offers a medical analogy. "You go to the dentist. There's an x-ray machine to the side of your mouth. They put a detector plate in your mouth, and your gums and teeth are blocking those x-rays from getting to the detector plate," he says. "That's exactly the way muon tomography works"--with two key differences: no radiation is involved, and instead of imaging part of the human body, Ideon's sensors assess hundreds of millions of cubic meters of earth at a time.
The detectors themselves were once the size of a room, confined to government labs. Ideon has miniaturized its borehole sensors to roughly the diameter of a coffee cup and hardened them for field conditions. "We've kind of industrialized particle physics," Agnew says. "The technology used to find hidden chambers in the pyramids is now working in mine sites a mile deep, under pressure, under temperature."
Such hardware innovations are necessary for building better subsurface models, says Mengli Zhang, a research assistant professor and director of the Center for Geophysics, Energy and Minerals at the Colorado School of Mines. "And in this environment, even more than cost and high resolution, the key is smaller and faster sensors that can get enough information before a borehole collapses."
Muon tomography offers resolution--from about 20 meters down to submeter scale--that competing techniques cannot match. Passive seismic sensing can go deeper than muons but generally offers resolution of only 50 to 100 meters. Many other subsurface-imaging techniques are limited to 2D outputs, showing a big blob on the surface where minerals might be. Critically, whereas other subsurface-imaging techniques are impacted by the operational noise of a working mine, "muons don't care," Agnew says.
Ideon integrates density measurements from its muon detectors with gravity, seismic, magnetic and drill-core data into a dynamic Earth model it calls the Reveal platform. "Density is the backbone, and then complementary datasets color the picture," Agnew says. Traditionally a mining company might wait six to 12 months to update its resource model, but Reveal incorporates new data continuously.
To gather the data, Ideon adapts its hardware to the environment. For greenfield exploration, the company deploys borehole sensors down existing drill holes, where they survey a 120-degree field of view. Inside a working mine it uses flat-panel detectors mounted on tunnel walls, which can collect muons at four to five times the speed of borehole sensors because of their greater surface area.

For block cave mines, near-real-time imaging removes one of the industry's most dangerous blind spots. A block cave is not a static structure but rather hundreds of millions of cubic meters of earth in continuous motion. Ore collapses, flows and settles over months and years. Understanding where the cave "back"--the upper surface of the developing void--is located, how material is flowing and whether dangerous air gaps are forming is essential to both productivity and safety. Irregular cave-back shapes can cause uneven caving that can jam up production; excessive air gaps behind the cave back can generate sudden, lethal air blasts.
The ability to observe cave collapse allows a mine operator to see when the ore body is almost exhausted, triggering the start of excavation in a new area. "Right now they have no idea," says Jef Caers, a professor of earth and planetary science at Stanford University and director of the school's Mineral-X program. "They're poking with boreholes from the top, and they're trying to find out where the air gap is." Better imaging technology can also locate subsurface fault lines, helping to spot dangerous stress points before they trigger minor earthquakes, which can shut down mine operations for months at a time. "As you start changing the stress situation in the subsurface, it changes the stress situation on the fault surface," Caers says. But in mineral mining, "they have absolutely no idea where any of the faults are. So you're really just waiting."
The consequences of uncertainty can be severe. Last September a mudslide at the Grasberg Block Cave mine in Papua, Indonesia--the world's largest underground block cave and second-largest copper mine--killed seven workers. Phoenix-based Freeport-McMoRan, which operates the mine, blamed the disaster on an uneven collapse that unleashed a flood of mud and rock. Although Ideon's muon technology was only in a pilot phase at the mine at the time, the tragedy showed the exact kind of unseen hazard the sensors are designed to catch. Freeport said it plans to use an expanded array of muon detectors going forward to map the true shape of the cave and verify that the rock has stabilized before workers return.
Last fall Ideon signed a five-year partnership with Rio Tinto to deploy muon tomography at six of the company's largest operations, following a successful demonstration at the Kennecott Mine, where Rio Tinto is currently bringing new underground operations online. At Kennecott, Agnew says, Ideon's work addressed two distinct problems: reducing errors in production estimates that can cause unexpected bottlenecks and stall the trucks and conveyor belts hauling ore to the surface; and mapping unknown subsurface voids left by more than a century of "artisanal" mining activity, allowing operators to plan for those voids rather than "stumble across [them] halfway through."
This leap in visibility is overdue, Agnew argues. "When we look back at the oil and gas business in the late 1990s, it kind of looked like mining does now," he says. "It was working under a lot of uncertainty. Fast-forward three decades, and the field-services companies brought probabilistic technologies to the table--and that completely transformed the way the oil and gas business explores and extracts resources."
Historically the mining industry hasn't faced the kind of surging demand that has driven the oil and gas sector to innovate. But now, Agnew says, the rush for critical minerals is doing exactly that. "We're at record highs on most major commodities right now, and that's only going to get higher."
Better subsurface maps may change how mining happens--streamlining the discovery of new reserves, avoiding nasty surprises underground and minimizing disruptions on the surface compared with giant open pits. But these tools won't slow down extraction, because that's not where the incentive lies. "I believe Earth can handle a few surgical disturbances from mining because of what it enables," Agnew says.

Adam Bluestein is a journalist covering business, science and innovation for Fast Company, Fortune, and others. He lives in Burlington, Vermont.
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The hidden cause of heart disease is inflammation

Immune system overreactions may be the true culprit of cardiac illness--and lifesaving drugs can calm them down

By Melinda Wenner Moyer edited by Josh Fischman
[image: A conceptual illustration of a heart in flames.] Maria Corte



Doctors have been drilled for decades on the four big risks for heart disease, which kills more Americans every year than any other illness. The fearsome foursome: hypertension, smoking, high levels of "bad" LDL cholesterol and type 2 diabetes. Yet for just as long cardiologists have seen patients who have none of these problems die from heart ailments. And the heart specialists haven't had the slightest idea why.
Up to a quarter of the people admitted to hospitals for heart attacks don't have any of these four risk factors. Mysteriously, these "low-risk" heart disease patients actually have the worst outcomes. A 2023 analysis found that hospitalized acute coronary patients without any of the four hazards were 57 percent more likely to die compared with those who had at least one.
If the big known risk factors miss one in four patients, they still predict trouble as expected for the remaining three. That's a good record. But it also means that of the roughly 920,000 Americans who die of cardiovascular disease every year, about 230,000 of them will have done so for no understandable reason.
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This deadly puzzle has haunted cardiologist Paul Ridker for years. "I remember saying to myself that there must be some other fundamental determinant of heart disease," says Ridker, who is director of the Center for Cardiovascular Disease Prevention at Brigham and Women's Hospital in Boston.
Dozens of studies and clinical trials later, Ridker thinks he has found the missing piece. His work, along with that of other researchers, now suggests that chronic inflammation--a prolonged and body-damaging state of immune system activation--may be the hidden factor that accelerates cardiovascular problems to a dangerous and deadly state. When cholesterol builds up in the arteries, it shape-shifts into a sharp and jagged form the body no longer recognizes, provoking the immune system to wage war against it and blood vessels. It is a battle with no winners, and the wreckage it leaves behind ends in heart attacks and strokes.
Initially treated with skepticism, this idea now is becoming widely accepted by other scientists. Heart disease is "a disease of inflammation," says Kathryn Moore, director of the Cardiovascular Research Center at New York University's Grossman School of Medicine. And in the fall of 2025 the American College of Cardiology recommended that health-care providers routinely screen patients for inflammatory proteins.
If inflammation drives cardiovascular disease, then calming it might protect the organ beating in our chests.

The concept brings with it renewed hope for heart therapy. If inflammation drives cardiovascular disease, then calming it might protect the organ beating in our chests. In June 2023 the U.S. Food and Drug Administration approved a new use of an inexpensive, inflammation-reducing drug for an old disease--gout--to treat patients with heart disease. In a 2020 clinical trial, researchers showed this drug, colchicine, could reduce the risk of heart attacks, strokes, and other complications by a dramatic 31 percent. And this big decrease was mostly among patients already taking the standard cholesterol-lowering medications: statins.
But this treatment is not without controversy. Some recent studies of colchicine have not found protective effects, and many cardiologists are reluctant to use it. Ridker and other researchers are now testing different anti-inflammatory therapies with more precise modes of action. Although questions remain, many researchers believe this shift--seeing the vascular system not as a series of clogged pipes but as battlefields of inflammation--could transform public health and save millions of lives.

For many decades the dogma among doctors and scientists was that atherosclerosis--the buildup of fatty substances, including cholesterol, in the arteries--was a passive, almost mechanical process, an inevitable by-product of aging. "We were taught that the plaque buildup in arteries was sort of like rust in a pipe," says Jean-Claude Tardif, a cardiologist who directs the Research Center at the Montreal Heart Institute.
Yet there had been hints over the centuries that inflammation might play an active role in the process. In the mid-1850s German pathologist Rudolf Virchow peered through his microscope at diseased blood vessels and saw angry, inflamed tissue within the plaques. In 1913 Russian pathologist Nikolai Anichkov wrote that he fed rabbits a high-cholesterol diet and found their arteries teeming with white blood cells, now known to be key markers of inflammation. For the most part, researchers interpreted these findings as evidence that inflammation might develop in response to atherosclerosis.
But it was also possible that things worked the other way around. Inflammation is a complicated process. It's the body's built-in alarm system, activated when the immune system senses that something untoward is happening. The body recruits immune cell soldiers to the scene, which launch an attack against any unwelcome intruders and cells they've infected. That's why your throat gets red and swollen when you have the flu. Sometimes this alarm system becomes overzealous--fighting too hard or too long--and ends up harming the body's healthy tissues in the process.
In the mid-1990s Ridker and his colleagues showed this hyperactivity could indeed be a cause. They published a landmark paper based on data collected as part of the Physicians' Health Study, which had been gathering health data from male doctors since 1982. The researchers looked at blood levels of C-reactive protein (CRP), a molecular flare signaling inflammation, in 543 doctors who later had a heart attack, stroke or severe blood clot in a vein. The researchers compared these measurements with the levels of CRP in 543 doctors who did not go on to have a cardiac event. Compared with men who had the lowest CRP levels, those with the highest were three times as likely as to have a heart attack and twice as likely to have a stroke.
[image: Colored scanning electron micrograph (SEM) of cholesterol crystals (red) within a lipid droplet (purple) in a human liver.]Cholesterol, a fatty compound produced primarily in the liver (above), can form jagged, needlelike crystals that tear artery walls and trigger an inflammatory reaction, blocking the flow of blood.
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Several years later Ridker's team studied nearly 28,000 women participating in the Women's Health Study. The women were followed for an average of eight years. Those with the highest levels of CRP were 2.3 times more likely to have a heart attack or other serious cardiovascular problem than were women with the lowest levels.
These findings implied that inflammation wasn't a side effect of heart disease. It was a lethal accomplice. In 1999 University of Washington pathologist Russell Ross wrote in the New England Journal of Medicine that "atherosclerosis is clearly an inflammatory disease." Since then, other studies have confirmed Ridker's findings. "Tons of studies involving hundreds of thousands of patients invariably have shown that the higher your inflammatory markers in blood, the higher the risk of clinical events," Tardif says.
At that time, Ridker was also studying cholesterol-lowering statin drugs. These drugs are prescribed primarily for their ability to lower levels of LDL cholesterol, a known driver of heart disease. LDL, or low-density lipoprotein, is a molecule that carries cholesterol to tissues that need it--it helps to build cell membranes, among other crucial functions--but when there's too much, it can seep into arteries and clog them.
Surprisingly, Ridker's work started to suggest that statin drugs didn't just reduce cholesterol--they damped inflammation, too. In a 2001 study, he and his colleagues showed that pravastatin, sold under the brand name Pravachol, reduced levels of CRP by 17 percent after 24 weeks. And in a 2005 study published in the New England Journal of Medicine, Ridker and his co-workers reported that regardless of their LDL cholesterol levels, people who took statins and had low CRP levels were less likely to have heart attacks or die from heart-related causes than people who took statins but had high CRP levels.
Ultimately the hope is not merely to prevent heart attacks and strokes but to stop atherosclerosis and heart disease before they start.

That discovery raised a radical question: Could people with healthy cholesterol levels--who typically would not be prescribed statins--still benefit from the drugs if their degree of inflammation was high?
Ridker decided to find out. He and his team designed a clinical trial to see whether people with low LDL but high CRP would benefit from statin therapy. They did--and markedly so. Published in 2008 and known as JUPITER, this trial enrolled nearly 18,000 participants with low LDL and high CRP to receive either a statin or a placebo. The trial was stopped early, after following people for an average of about two years, because the statins proved so effective. Those who took them were 54 percent less likely to have a heart attack and 48 percent less likely to have a stroke. A follow-up analysis of JUPITER patients showed that people most strongly protected from heart trouble were those who had lowered both their cholesterol and their CRP levels on the drug.
At the time, many doctors scoffed at the notion that cholesterol-lowering drugs could do anything useful for healthy people who already had low cholesterol. "They said, 'These people don't have risk,'" Ridker recalls. But the statins worked--and suddenly the old map of heart disease no longer made sense.

At first glance the JUPITER findings suggest that cholesterol's true role in heart disease might be a small one. But the opposite is true: cholesterol, it turns out, is the match that lights the fire of vascular inflammation. A match in the shape of a crystal.
Ordinarily cholesterol is a waxy molecular blob. But when cholesterol accumulates and becomes highly concentrated in arteries, it can take on a crystalline shape, much the way sugar crystallizes in a concentrated syrup.
The crystals have been difficult for laboratory scientists to see. When pathologists are preparing biological tissue to be viewed under a microscope, they typically treat their sample with alcohol as part of the process of stiffening it so it can be thinly sliced and put on a slide. But alcohol dissolves cholesterol crystals, so pathologists rarely saw them when they studied slides of human and animal blood vessels. Instead they saw empty spaces that the crystals had left behind. And at any rate, researchers believed these crystals were harmless; some even postulated they arose primarily after death.
George Abela, chief of the division of cardiology at Michigan State University, had questions about these crystals. He knew that heart attacks and strokes often happened after arterial plaques ruptured, and he wondered whether cholesterol crystals might play a role, tearing the plaques. One day in 2004 he asked a colleague whether cholesterol might expand when it becomes crystalline, much as water expands when it forms ice. If it did, he surmised, then cholesterol could strain and harm arterial walls.
Abela recalls his colleague's reply. "His response was, 'No, the only [thing] on this planet that expands with crystallization is water,'" Abela says. That made sense to Abela. But he did go on to ask whether anyone had ever actually double-checked.
"Of course," he says, "nobody had."
Abela then had to see for himself. He bought cholesterol powder (which is used for various lab experiments), melted it into liquid form, and then let the cholesterol molecules crystallize. What he discovered shocked him: When it crystallized, cholesterol took up 45 percent more space than it did as a liquid. It did indeed expand. Moreover, the crystals had sharp, needlelike edges, perfectly shaped to tear artery walls. In a groundbreaking 2009 paper, Abela and his colleagues compared the coronary arteries of patients who had died of heart disease with those of people who had died for other reasons. They found that all the patients with heart disease had blood vessels that had been perforated by cholesterol crystals. "They're like little knives cutting their way through the surfaces of the artery," Abela explains. "And there are thousands of them."
Crystals do even more damage than that. A healthy human body does not make crystalline structures, so our immune systems react to them as dangerous alarm signals and target them for attack. (This sequence of events happens in gout, too--the accumulation of crystal-shaped uric acid molecules leads to pain and inflammation.) Crystals "set off an inflammatory response to alert the body that these things are accumulating--'we need to try to contain this and clear it,'" Moore says.
Next, white blood cells called monocytes race to the scene and change into macrophages. These are immune cells that engulf lipids and cholesterol deposits, including the sharp-edged cholesterol. Then, Moore explains, "they call in T cells and other immune cells to join the party, basically, and that is what causes the formation of the plaque," a messy mixture of cholesterol, fats, immune cells and dead cell debris. The macrophages also produce inflammatory chemicals, including interleukin-1 beta (IL-1b), which further strengthen the immune attack and cause the plaque to worsen.
Normally the immune system fights, wins and then retreats. But inside an artery it doesn't know how to quit. "For reasons that we don't really understand, this inflammatory process gets going and doesn't get turned off," Moore says. It "can go on for decades." Macrophages inside the arteries start to die, releasing their crystallized cholesterol contents. The plaque becomes increasingly unstable, and eventually it can rupture. A rupture exposes blood passing by to chemicals that cause it to clot. Those blood clots can travel through the body, causing heart attacks or strokes.
These discoveries and theories of action suggest that cholesterol is not the only bad guy in the story. The immune system's overreaction to cholesterol crystals--the chronic inflammation it causes--is potentially far more dangerous.
After JUPITER highlighted the role of inflammation, Ridker wanted to see whether there was a remedy for it. Could cooling the inflammatory cycle help the heart? Because the cellular messenger IL-1b played such a key role in inflammation, he wondered whether blocking it might slow or stop the process, quieting the storm inside the arteries.
A few years after JUPITER was published, Ridker and his colleagues began recruiting people for a clinical trial that would end up convincing many other experts that inflammation-targeting therapies might be the next big cardiology frontier. In the trial, known as CANTOS and published in 2017, 10,000 heart disease patients with high CRP levels--most of whom were also on statins--were split into groups. Some were regularly injected with varying dosages of canakinumab, a monoclonal antibody that reduces levels of IL-1b in the body. Others were given a placebo.
After four years of the trial those who had received 150 milligrams of canakinumab were 15 percent less likely to die of heart disease or stroke compared with those who received a placebo. CANTOS "provided the first evidence in humans that blocking these inflammatory pathways would actually be beneficial," Moore says. "It was considered a really big moment."
Canakinumab did, however, cause side effects: those who took the drug were more likely than others to die from infections during the trial. The FDA rejected a 2018 bid to approve the use of the medication to treat heart disease.
But it turned out that there were other options. While CANTOS was underway, Stefan Mark Nidorf, a cardiologist affiliated with the Harry Perkins Institute of Medical Research in Perth, Australia, was pursuing a humbler approach. In a small clinical trial, he and his colleagues investigated the anti-inflammatory effects of colchicine, the old gout remedy. Nidorf's team reasoned that because the medicine reduced inflammation, it might do the same for cardiac problems caused by cholesterol crystals. The drug, the researchers learned, did reduce the chances of coronary events in people with heart disease.
For better proof, Nidorf went bigger. In 2020 he and his team published the results of a much larger trial involving 5,500 heart disease patients. Those who took low daily doses of colchicine over an average of slightly more than two years were 31 percent less likely to experience a cardiac event compared with those who took a placebo. Almost all these people were also taking statins. That was important because it showed that colchicine could lower the chance of heart attacks and strokes among people who were already reducing their risk through cholesterol-lowering drugs.
"Atherosclerosis is a two-sided coin," Nidorf says. "You've got to lower cholesterol because that drives the inflammatory process. But doing that alone isn't enough--you've really got to add in the anti-inflammatory drug." The fact that most people in the trial were already on statins suggested that colchicine had effects far above and beyond what statins could achieve.
In 2023, based in part on these findings, the FDA approved the use of colchicine to reduce the risk of heart attack, stroke, coronary revascularization, and cardiovascular death in patients with atherosclerotic disease or multiple risk factors for heart disease. That was followed two years later by the American College of Cardiology's recommendation that health-care providers routinely screen patients' CRP levels--a striking sign of how far the field has come.

But science rarely moves in straight lines. Since then, additional clinical trials involving colchicine have been published, and results have been mixed. In a clinical trial known as CLEAR SYNERGY, which was published in 2025 and involved 7,000 patients who had recently had a heart attack, researchers found that the use of colchicine for an average of three years did not reduce the participants' risk of a coronary event.
"We were surprised, given the prior studies," says the trial's principal investigator, Sanjit Jolly, an interventional cardiologist at McMaster University in Ontario. The trial also raised concerns about colchicine's gastrointestinal side effects. "Between 10 and 15 percent of patients get quite severe, quite significant diarrhea," he adds. (Colchicine reduces inflammation by disrupting the formation of cellular structures called microtubules in immune cells. Microtubules are also essential to rapidly dividing cells that line the intestines, however, so people taking the drug may have GI problems.)
Therein lies a frequent difficulty with anti-inflammatory drugs. "When you're affecting inflammation, you're affecting the immune system," says Gregg Stone, an interventional cardiologist at the Icahn School of Medicine at Mount Sinai. It's often challenging to find a therapy "that hits the sweet spot of being effective without being too toxic."
Perhaps because of the potential side effects, recent data suggest that cardiologists rarely prescribe colchicine. "I would say the general cardiology community has a lot of doubts right now," Jolly says.
The CLEAR SYNERGY trial has exposed fault lines in the field. Ridker, Nidorf, and others argue that the trial had serious limitations. A major one was that it was conducted during the COVID-19 pandemic, when people might have been less likely to report heart-related issues to their doctors. It also focused on acute inflammation just after heart attacks, not the chronic inflammation of atherosclerosis. Colchicine may simply not offer benefits in that context, Nidorf says.
But other researchers say CLEAR SYNERGY produced sound conclusions, and it means that more research on colchicine is needed. "If you do have very high CRP, it's probably a reasonable drug to try, but I just wouldn't use it in everybody," Stone says.
There are leads about different therapies. Several multinational clinical trials are underway to test the effects of inhibitors of interleukin-6, another of the immune system's chemical messengers, on heart disease outcomes. IL-6 signaling drives a number of harmful vascular processes, and it's an important link between IL-1b and CRP activity. It could be more closely tied to cardiovascular risks, so researchers hope IL-6 blockers will be more effective than other drugs. Some trials are being funded and overseen by large pharmaceutical companies, including Novo Nordisk and Novartis, but no results have been published yet.
Ultimately the hope is not merely to prevent heart attacks and strokes but to stop atherosclerosis and heart disease before they start. To that end, Tardif recently started a clinical trial involving 10,000 patients with type 2 diabetes to see whether colchicine can prevent heart disease in such people. Diabetes is a prime risk factor for cardiac trouble. "We're trying to show that reducing inflammation very early in the process is going to help," he says. At N.Y.U., Moore's lab is trying to answer a related question: Is it possible to find drugs that can not only help to stop the immune fire but also repair the damage it's already done?
Ridker thinks much of that is possible. After decades of skepticism, he is enjoying seeing his once radical idea go mainstream. The change "is very exciting," he says. "Twenty years ago people thought we were just nuts."

Melinda Wenner Moyer, a contributing editor at Scientific American, is author of Hello, Cruel World! Science-Based Strategies for Raising Terrific Kids in Terrifying Times (G. P. Putnam's Sons, 2025).
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How strange new 'altermagnets' could rewrite physics

How the discovery of altermagnets could change physics and computing

By Bob Henderson edited by Clara Moskowitz
[image: A researcher wearing white gloves seals a quartz tube to form the ampoule shape (left); A close up of five quartz tubes (right).]Scientists have recently discovered materials with new magnetic properties. In a laboratory at the Massachusetts Institute of Technology, scientists manipulate quartz tubes containing crystals that produce p-wave magnetism.
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On a breezy afternoon last autumn in Cambridge, Mass., in a laboratory thrumming with the huff-whish-huff sound of refrigeration pumps, Massachusetts Institute of Technology graduate student Jiaruo Li was crafting a new device for storing digital data. She was aiming to use an exotic kind of magnetism discovered in the same lab the previous year to make the device faster and more energy-efficient than any competing technology. Her goal was timely given the current AI-driven boom in data centers and the exploding demand for power it portends.
At that moment Li was focused on finding her version of a needle in a haystack: a barely visible flake of nickel bromide with just the right attributes. To get to this point, she'd grown a dime-sized crystal of the compound by baking a glass tube containing nickel bromide powder for 10 days at high temperatures in a computer-controlled oven in an M.I.T. lab. Then, seeking an atomically thin sample, she'd applied a special tape to her creation, peeled it off and transferred the flakes on the tape to a shiny silicon wafer. Now, holding the wafer up to the light, she eyed a galaxy of thousands of tiny golden crystals against a purple mirrored background. "From all these," she said, "only one or two of them is going to be thin enough."
Nickel bromide is a sibling compound to nickel iodide, which made news in the spring of 2025 for displaying so-called p-wave magnetism, a phenomenon that had been predicted by theorists in early 2024. P-wave magnets exhibit behaviors that traditional magnets lack, including imparting special properties to electric currents passed through them. The breakthrough was just the latest in a series of revelations over the previous few years related to the discovery of a new class of magnets called altermagnets. These materials surprised many scientists by displaying a combination of attributes that could not only revolutionize computer hardware but rewrite our understanding of the physics of magnets. Equally remarkable: the new magnets weren't actually new at all. Many were well-known, widely studied compounds with heretofore unrealized superpowers, and their abilities can be explained by simple geometry.
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The magnets of our everyday experience, the ones with north and south poles that keep children's artwork stuck to refrigerator doors, are called ferromagnets and have been used extensively since prehistoric times. Still, it wasn't possible to understand them until modern quantum theory was developed in the 1920s. In fact, says University of Oxford physicist Stephen Blundell, "the birth of quantum mechanics could have come from the observation of magnetism." Physicists Niels Bohr and Hendrika Johanna van Leeuwen proved, independently and before modern quantum theory was devised, that magnetism is incompatible with classical--aka nonquantum--physics.
Magnetism originates in the quantum-mechanical property of electrons called spin. Spin makes an electron behave like a little rotating ball of charge, which furnishes it with a magnetic field similar to that of a tiny bar magnet. (That electrons are, as far as anyone knows, infinitesimally small and therefore not balls at all underlines how spin is an essentially quantum property.) When the spins of a large number of electrons in a crystalline solid align en masse so that their many minuscule magnetic fields combine to produce macroscopic effects, voila, a ferromagnet is born. A ferromagnet's most salient feature is its magnetization, or macroscopic magnetic field, consisting of lines of force that can become visible in the self-arrangement of iron filings sprinkled around the magnet.
The essence of magnetism is the organization of electron spins in a material, and ferromagnetism isn't the only possibility.

Ferromagnets are immensely important in technology; Blundell calls them "the engine of the modern world." Power plants, for instance, whirl magnets around to convert mechanical energy into electrical energy. And although most personal computers now rely on solid-state, nonmagnetic memory, the vast majority of the information stored in the world's data centers takes the form of bits encoded in the magnetization of tiny regions of ferromagnetic hard-disk drives. "All of your data are stored in the cloud, and the cloud is all magnets," says Jairo Sinova, a professor of physics at Johannes Gutenberg University Mainz in Germany and a key figure in the discovery of altermagnets.
The essence of magnetism is the mass organization of electron spins in a material, and ferromagnetism isn't the only possibility. In the 1930s French physicist Louis Neel predicted that forces called exchange interactions could drive the spins in neighboring atoms to point in opposite directions rather than aligning, resulting in an up-down-up spin pattern, in contrast to ferromagnetism's up-up-up. This alternating pattern would cancel out the magnetization generated by the spins so that the material would have no net magnetic field. Neel was awarded the 1970 Nobel Prize in Physics after experiments confirmed his prediction. Although "extremely interesting" theoretically, Neel said in his Nobel lecture, the "antiferromagnets" he'd discovered appeared to have no applications because of their lack of magnetization.
[image: A close up of wires bonding to a chip.]Jiaruo Li uses tiny wires to bond a p-wave magnetic tunnel junction sample to a silicon chip.
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In the late 1980s, however, a different feature of magnets was revealed to be useful: they can adjust the electrical resistance of a material. Physicists Peter Grunberg and Albert Fert independently showed that if you place two parallel layers of ferromagnets in a device and then change the orientation of their magnetic fields, you can control how much electricity the device conducts. The phenomenon results from the fact that when a current passes through a ferromagnet, the spins of the electrons inside the current tend to align with the direction of magnetization. Physicists say the current has become "spin-polarized," and a current polarized by one magnet will have an easier time passing through another magnet with the same direction. A resistance change achieved in this way is called giant magnetoresistance, or GMR, because a small magnetic field used to rotate the magnetization of one of the two layers can cause a huge change in resistance.
Grunberg's and Fert's discoveries won them the 2007 physics Nobel and launched the field of spintronics, in which spin is used to convey and store information, analogous to electronics doing the same with electric charge. Spintronics made a splash in the 1990s when IBM developed GMR-based "read heads" for extracting data from hard-disk drives: their exceptional sensitivity to magnetism led to more densely packed bits and a 1,000-fold increase in disk memory capacity. The same effect used in GMR--the differential conductance of rotated ferromagnets--has been used to represent 1's and 0's in a memory technology called MRAM, which has found a niche in the kinds of specialized computer chips used in cars, appliances and smartwatches.
For decades spin polarization seemed to be mainly a ferromagnetic effect. But the discovery of altermagnets has changed that. In fact, it has transformed how many experts understand magnetism generally. Rafael Fernandes, a physicist at the University of Illinois Urbana-Champaign, says this is a new way of thinking. "It's like when I was a kid; I had to get glasses when I was 13 years old, and the moment I put on the glasses, I realized how much I couldn't see before."

The discovery of altermagnetism began with a mystery: an antiferromagnet that seemed to display a signature property of ferromagnetism. Sinova in Mainz and his collaborators, including Tomas Jungwirth, a professor at the Institute of Physics of the Czech Academy of Sciences, the University of Nottingham in England and Tohoku University in Japan, were studying the theoretical characteristics of the antiferromagnetic material ruthenium dioxide in 2018. Their calculations predicted that the material should exhibit a property called the anomalous Hall effect, which arises when a current passes through a material and creates a voltage--an electric force--much stronger than you would expect if the voltage were caused only by the magnetic fields in the material. This effect was thought to be a signature of ferromagnetism, but ruthenium dioxide was an antiferromagnet, so where was the phenomenon coming from? The theorists and their team had calculated the effect, but they didn't feel like they understood it. "What the hell is going on here?" Jungwirth recalls thinking. Having predicted the effect in just one material, Sinova says, "you need to start asking: Is this a new type of magnetism? And for that you need to understand the symmetry that drives it."
Symmetry, to a physicist, is a quality that lets an object undergo certain transformations without its properties changing. A circle, for example, is highly symmetrical because it can be rotated by any angle and still look the same. A square also has symmetry but less: a rotation leaves it unaltered only if the angle is an integer multiple of 90 degrees.
[image: A person wearing black gloves holds a sample of the silicon chip over a blue table.]Li holds the sample, which is about 10 microns wide, in the fabrication area of the laboratory.
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A signal achievement of 20th-century physics was the recognition of the role symmetry plays in the laws of nature. "In the 19th century we had these grand principles, which were kind of handed down on tablets from the great physicists: conservation of energy, conservation of momentum, conservation of angular momentum," Blundell says. "But we didn't quite know where they came from." That changed in 1918, when German mathematician Emmy Noether showed that these three conservation laws followed from symmetries of physical laws under time shifts, spatial translations and rotations, respectively. Around the same time, Albert Einstein's requirement that the laws of physics work the same irrespective of an observer's motion led him to his theories of special and general relativity. And the specific medley of elementary particles and forces that is foundational for much of physics is now understood to stem from a particular combination of symmetries.
But it's when symmetries are broken that things really get interesting. "If the universe had the highest-possible symmetry, which is full rotational symmetry and full translational symmetry, it would be completely featureless," says Riccardo Comin, the physicist in charge of Li's research group at M.I.T. "There would be no life, no planets, nothing." Although the rotational symmetry of the physics governing subatomic forces, for example, implies that there is no special direction in space, at low-enough temperatures, in a process called spontaneous symmetry breaking, those laws can produce phenomena such as magnetism, which does single out a direction. And "it's generally the case that the less symmetrical things are, the more rich and varied they are," Comin says.
Case in point is ferromagnetism versus antiferromagnetism: the latter's relative dearth of interesting and useful features follows from the fact that antiferromagnets retain a symmetry that ferromagnets break. Imagine flipping all the spins in a magnet so that they point in the opposite direction. An antiferromagnet will essentially stay the same, whereas a ferromagnet's magnetization will reverse direction, and its north and south poles will be interchanged. Physicists say the ferromagnet breaks "time-reversal symmetry" and the antiferromagnet (mostly) doesn't, because such a spin flip is what you would see if you could somehow reverse the arrow of time and thus the direction of each electron's "rotation" [see graphic below].
[image: Schematics compare three types of magnets. In ferromagnets, atoms' spins align in the same direction, producing a total magnetic field. They break what's called time-reversal symmetry because if you could turn back time and flip their spins, they wouldn't look the same. In antiferromagnets, the spins of adjacent atoms point in opposite directions, so their individual magnetic forces cancel out and the material has no net magnetic field. These almost preserve time-reversal symmetry because if spins flip direction, the magnetic pattern is shifted by one position, a change that doesn't affect the magnet's properties. In altermagnets, spins also alternate, and the alternating atoms are also rotated by 90 degrees. They not only break time reversal symmetry but retain an approximate symmetry under time reversal and a rotation of their atoms by 90 degrees, giving rise to new and special properties.]Jen Christiansen



Obviously we can't really turn back time, but ruminating on the theoretical effects is a useful thought experiment. And it's this breaking of time-reversal symmetry that enables ferromagnets to exhibit spin-polarized currents, the anomalous Hall effect, and other properties that antiferromagnets don't have--or at least didn't seem to until Sinova and his collaborators came along.
Libor Smejkal, a former student of Sinova's and Jungwirth's who is now a researcher at the Max Planck Institute for the Physics of Complex Systems in Germany, ultimately came to realize--after a mess of complicated calculations requiring a supercomputer--that the solution to ruthenium dioxide's mystery was hidden in the shapes of its atoms. The compound's ruthenium atoms carry the spins that make it magnetic, but their electron clouds are deformed from their natural spherical shape by their oxygen neighbors. And, it turns out, the atomic clouds with spins in one direction are rotated by 90 degrees with respect to those with opposite-pointing spin. The resulting pattern of spins and shapes breaks time-reversal symmetry because a spin flip no longer leaves the magnet unchanged.
Moreover, Smejkal observed, ruthenium dioxide retains a symmetry that endows it with special powers even ferromagnets don't have. Reversing its spins (akin to theoretically reversing time) and then rotating the magnet's atoms by 90 degrees brings the arrangement of spins and shapes back to where it started, and that symmetry gives it the ability to produce spin-polarized currents with spins that alternate with the current's rotation--the property after which altermagnets are named.
In short, Smejkal showed how the origin of a magnet's magic lies in symmetries rather than its magnetization. Like antiferromagnets, altermagnets lack magnetization and have no net magnetic field. Yet because they break time-reversal symmetry, they can create many useful magnetic effects, such as the ability to polarize spins.
A signal achievement of 20th-century physics was the recognition of the role symmetry plays in the laws of nature.

Smejkal went on to apply group theory--an area of mathematics that describes symmetries--to develop a system for classifying magnets and pinpointing their properties. "This type of symmetry [system] turned out to be supernutritious," Smejkal says, "because I was able to identify all these materials very systematically." The system revealed, for example, that the three distinct types of magnets (ferromagnets, antiferromagnets and the new altermagnets) are the only possibilities for magnets whose spins are collinear, or parallel to one another (in these three cases, spins may point up or down but never off to the side at an angle). The system also provided a way to identify new magnetic materials. Smejkal and his collaborators found more than 200 potential altermagnets by surveying databases of known materials. Many of these, like ruthenium dioxide, were well known, and no one had suspected they had any special powers at all.
At that point much of this research was still theoretical. Things changed in 2024, when a team led by Juraj Krempasky of the Paul Scherrer Institute in Switzerland made the first conclusive confirmation of altermagnetism. The researchers shot carefully calibrated light from a synchrotron particle accelerator at a crystal of manganese telluride to measure the energy, momenta and spin of its electrons. Their results proved that these properties conformed to the predictions made by Smejkal and other theorists. Although manganese telluride is too fragile for commercial use, the result bodes well for spintronics because there are so many other potential altermagnets, says Peter Wadley, a physicist at the University of Nottingham who participated in the experiment. These materials "unite the advantages of ferromagnets and antiferromagnets in such a beautiful way," Wadley says. "It's like your fantasy magnet; it's almost too good to be true."
Qian Song dreams of one memory technology to replace them all. Computers typically use several, including speedy but volatile RAM that requires power to function, slower solid-state drives that store data for extended periods, and the magnetic hard-disk drives that make up the majority of the cloud. As a graduate student in Comin's research group, Song--now a postdoc at the University of California, Berkeley--started the project that Li is working on. He first demonstrated the spiral-shaped p-wave variant of altermagnetism in nickel iodide in 2025 and believes it could be the key to a one-size-fits-all solution. "Why do we need all these types of memory?" Song asks. "I want to unify all the memories and push the speeds. The question is, Is there any physical limit?"
Altermagnets could come closer to that limit than anything else by combining the desirable properties of ferromagnets and antiferromagnets. Like ferromagnets, they can generate spin-polarized currents and effects such as GMR. And like antiferromagnets, they have spins that can be rotated about 1,000 times faster than those of ferromagnets, which could mean memory devices operating at terahertz versus the current gigahertz speeds. The absence of magnetization and the lack of sensitivity to magnetic fields that altermagnets share with antiferromagnets are also advantageous because they may allow engineers to pack many more of them into a small space. And the p-wave magnetism Song found in nickel iodide could be the key to a potentially huge increase in energy efficiency.
[image: A woman with short hair working with a large microscope.]Li transfers p-wave magnet layers to build a magnetic tunnel junction, using a microscope and micromanipulators inside an argon-filled glovebox for handling atomically thin materials.
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P-wave magnets belong to the fourth and final category of Smejkal's symmetry system: antialtermagnets, which break symmetry for a transformation called inversion that basically entails turning an object inside out. This kind of magnet does not have collinear spins--instead of pointing in parallel directions, the spins in nickel iodide, for instance, assume a triangular shape that rotates through the crystal. The resulting pattern is a helix, like the shape of a screw or a molecule of DNA. And like that of a screw, the helix's rotation can be either right- or left-handed, a property called chirality that breaks inversion symmetry and enables a handy feature for Song and Li's device: the ability to efficiently switch the magnetism's chirality by applying an electric field.
While listening to Comin give a talk about Song's experiments with nickel iodide in early 2024, Fernandes recalled a recent paper in which Smejkal and his collaborators predicted p-wave magnetism, and he realized he was hearing something familiar. "It smells like a p-wave," Fernandes recalls thinking. P-wave magnetism hadn't yet been seen experimentally, and the idea was so new that Comin hadn't even heard of it. But after collaborating with Fernandes, he realized that the theory underlying p-wave magnetism could explain the unusual and potentially useful properties of nickel iodide that Song had found. Meanwhile Song had already set his sights on building an all-purpose memory device: a p-wave version of a magnetic tunnel junction, the component in MRAM memory that stores a single bit.
Song estimates that such a device could write data using a mere one-hundred-thousandth (or less) of the energy required by any of the existing memory technologies--mostly because of the efficient electrical switching the p-wave magnet makes possible. But for the reading of data to also be as effective as possible, the nickel bromide crystal that will comprise one layer of the device must be atomically thin. That's the quest that had Li looking for just the right flake.
Back in the lab, her arms were now shoulder deep in a pair of black rubber gloves that reached into a giant acrylic box. In her gloved hands lay a silicon disk dusted with nickel bromide crystals. She positioned the disk under an atomic force microscope whose needle would, over the next 10 minutes, trace out a path a few nanometers above the disk. That path would enclose a 25-by-25-micron area, and Li would then map the thicknesses of the crystals inside it. A computer screen by her side tracked the needle's progress over a landscape of yellow, blue and green geometric shapes. Once the microscope had finished, Li drew a line with her mouse across a promising crystal's edge on the screen and read off a number: 10 nanometers. Close but not thin enough. "That's all I wanted to know," she said.

The altermagnet discovery highlights the fact that there isn't just one kind of unconventional magnetism but many. For one thing, magnets can be hybrids of Smejkal's four basic types and can therefore commingle their characteristics, much the way labradoodles combine traits of Labrador retrievers and poodles. Also, within Smejkal's categories are potentially many subcategories, which some theorists are now endeavoring to detail. And in the case of noncollinear magnets--including p-waves as well as oddities such as the whirlpool-like formations known as skyrmions--classifying them precisely is a fool's game, says Igor Mazin, a professor of physics at George Mason University, because the possibilities are endless. "With collinear magnets, you can say that it's up and down," Mazin says. "When you step out to noncollinear things, then you can rotate more, less, in this direction, that direction."
The big revelation from altermagnets isn't just that there is a new type of magnetism but that in fact there are many.

Nickel iodide is a case in point. Fernandes says detailed symmetry analysis has revealed that despite "smelling" like a p-wave magnet, "it is not a proper p-wave," because it doesn't satisfy all of Smejkal's criteria for that category. It is the magnetic equivalent of a labradoodle that happens to look and act a lot like a p-wave magnet. And although experiments have now confirmed a handful of materials as altermagnets, they have also cast doubt on the status of ruthenium dioxide, the progenitor of them all. "The material itself probably is not magnetic," Jungwirth says. "We chose a [somewhat] unfortunate first example in our theoretical papers."
Despite those twists and turns, the identification of altermagnets has stimulated a surge of related research and high hopes in the spintronics community. The 2022 paper by Smejkal, Sinova and Jungwirth that first used the term "altermagnetism" has since been cited more than 1,500 times. The reality, however, is that altermagnetism was just one in a series of breakthroughs over the past decade or so that have revealed a huge frontier in magnetism research. Pedram Khalili, a professor of electrical and computer engineering at Northwestern University, traces the start of the new era back to 2016, when the University of Nottingham's Wadley and his collaborators showed that they could switch an antiferromagnet electrically, something Khalili says was previously thought impossible. "Gradually this understanding emerged that a lot of these things that we are used to associating with ferromagnets actually do not emerge from their magnetization," he says. "That's just a very superficial way of understanding them."
What impact this new understanding will have on technology is an open question. Li and Song's device, for example, will never see the inside of a computer or data center. Nickel iodide's p-wave magnetism can survive only at temperatures below 60 kelvins, colder than liquid nitrogen, and Li made her measurements in an argon-filled glove box because nickel bromide, like nickel iodide, is a salt that melts if exposed to the water vapor that's inevitably in air. "It's not really practical, but what we think is that what we learn from nickel iodide will inform the search for new materials," Comin says. "That's one of the directions we're exploring."
The path from scientific breakthrough to commercial applications more generally is strewn with obstacles, says Stuart Parkin, director of the Max Planck Institute of Microstructure Physics in Germany and the scientist who developed GMR-based read heads for IBM in the 1990s. "Often what happens is a university person will find a phenomenon and think that's the be-all and end-all, and you could use that for something," he says. Usually, though, "you need not just one property [but] several properties." Those properties include durability and cost-effective manufacturability, in contrast to Li's artisanal efforts in the lab. Then there are matters of inertia and cost. "In the end, you typically need a device that somehow is superior to other devices by one or two orders of magnitude to warrant all the investment" in making a change, Parkin says. Even then, he estimates, it can take 10 to 20 years for a discovery to have commercial impact. GMR, for example, took about a decade, and the superstrong synthetic fiber Kevlar took two.
In any case, the notion of altermagnetic memory supplanting all competing technologies is "wildly unrealistic," says Daniel Worledge, a senior manager at IBM who leads the company's MRAM research and development effort. "I used to hear 25 years ago that MRAM was going to be a universal memory. It was going to replace flash, DRAM and SRAM and be best of all," he says. "It's just not the case because each of those is incredibly specialized and really good at what it does. And MRAM is really good at what it does, and there's no one memory that's going to be good at everything."
Khalili leads a team that recently fabricated a promising magnetic tunnel junction based on noncollinear antiferromagnetism. It works at room temperature and is made from application-friendly materials. But he prefers not to speculate on its implications. "It's a completely new device with completely new physics," Khalili says. "It's also an opportunity to really rethink the computing architecture completely. Maybe the biggest wins will be things we don't even anticipate now."

Bob Henderson is an independent writer based in upstate New York. He has a doctorate in high-energy theoretical physics from the University of Rochester and has made his living at various times as a photojournalist, an electrical engineer, and a financial-derivatives quant and trader.
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How birds survived the dinosaurs' doomsday

Scientists finally understand why birds were the only dinosaurs to pull through the end-Cretaceous mass extinction

By Steve Brusatte edited by Kate Wong
[image: Illustration of the scene of the aftermath of an asteroid strike with dinosaurs dying and advanced birds taking wing.]An early modern bird, Asteriornis, eats seeds in the aftermath of the asteroid impact that killed off all the nonbird dinosaurs 66 million years ago.
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On the final day of the Cretaceous period, some 66 million years ago, Earth was teeming with a dazzling variety of dinosaurs. In North America, the superpredator Tyrannosaurus rex stalked its favorite prey, the three-horned Triceratops. In Asia, agile raptors eyed herds of duck-billed and armored herbivores, and a menagerie of miniature carnivores and plant eaters roamed the European islands. South of the equator long-necked behemoths heavier than jet airplanes shook the ground as they walked. And all over the world feather-covered dinosaurs flaunted their plumage, some flapping and flying through the air.
Then, suddenly, the Age of the Dinosaurs was over. A massive asteroid slammed into the Gulf of Mexico, triggering a chain reaction of carnage: earthquakes, tsunamis and wildfires followed by years of darkness and cold. It was probably the worst moment in Earth history, and before long three out of every four species were extinct. The asteroid was so catastrophic that it spawned one of the greatest myths in science, one so pervasive and repeated so constantly that most of us think it is true. It is the myth that dinosaurs are gone, felled one and all during the end-Cretaceous extinction.
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If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

In fact, some dinosaurs survived the asteroid apocalypse. Although canonical species such as T. rex and Triceratops perished, members of one dinosaur group managed to endure: birds. Why did birds persevere when every single other type of dinosaur died? Scientists have puzzled over this question for decades. The mystery has deepened in the past 30 years as paleontologists have uncovered scores of feathery and winged dinosaurs that were closely related to birds and similar in many aspects of biology and behavior, though not actually part of the avian lineage. Some of these dinosaurs could even fly. What, then, allowed birds alone to escape the fate of their family?
Recently an answer has emerged, based on new research into fossils, genetics and ecology. Many birds were flying over the heads of T. rex and Triceratops when the asteroid hit, and most died alongside their dinosaur cousins. The only birds to make it out of the Cretaceous were modern-style species. Their survival came down to circumstance: where they happened to live and the features they happened to possess served them in good stead when the world went to hell.

Researchers have long contemplated the relation between modern birds and extinct dinosaurs. In the 1860s scientists of Charles Darwin's generation noted striking similarities in the skeletons of today's birds and those of small meat-eating dinosaurs from the Jurassic and Cretaceous periods, which spanned the time between 201 million and 66 million years ago. In the 1990s the idea that birds evolved from dinosaurs became mainstream, bolstered by the discovery in China of dinosaur skeletons bearing feathers that had been buried by prehistoric volcanoes and fossilized in pristine condition.
Over the past 25 years farmers in China's Liaoning Province have unearthed thousands of these feathered dinosaurs from their fields. Working with my late colleague Junchang Lu, I've had the pleasure of studying many of them and naming a new species, a close relative of Velociraptor that we christened Zhenyuanlong. It is a stunning specimen, with wispy, hairlike feathers coating most of its body and quills lined up on the arms to form small wings. As I gawked at the fossil in the back room of a Chinese museum, light illuminating the feathers, I truly understood the special connection between dinosaurs and birds.
These plumaged creatures tell the story of how birds evolved from dinosaurs. It was one of the grandest evolutionary transitions in the history of life: ferocious ground-living carnivores shrank their bodies, sheathed themselves in downy fluff, sprouted wings and took to the skies.
I've been working to understand this astounding transformation for the better part of the past two decades, starting with my Ph.D. thesis, supervised by the late Mark Norell, which produced a large family tree of early birds and their close dinosaur relatives. This tree showed that birds evolved from dinosaurs piecemeal over tens of millions of years. Many keystone features of birds today--feathers, wings, wishbones, hollow skeletons, uberefficient lungs, big brains--are actually dinosaur features that have developed for a litany of reasons over a long stretch of time and were only later repurposed to form a flying machine.
[image: Close up of a fossilized skull.]This fossilized skull of Asteriornis, nicknamed the Wonderchicken, represents the oldest known member of the family to which modern chickens and ducks belong.
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By 150 million years ago, the fossil record reveals, true birds had evolved, such as the iconic Archaeopteryx, which soared over the lagoons of modern-day Germany. One remarkable talent distinguished these birds from other dinosaurs: not only could they passively glide like some of their feathered dinosaur kin, but they also could flap their wings to provide the lift and thrust needed to get--and stay--airborne.
For the next 85 million years or more proper birds lived alongside their dinosaur cousins. The first ones, including Archaeopteryx, looked like miniature velociraptors, with steak-knife teeth, sharp claws and long, bony tails. Over time some birds underwent refinements that better adapted them to the air. Their arms got longer, their wings broader, their wing-flapping muscles bigger, their bodies lighter. Their tails shortened to a fatty nubbin anchoring an aerodynamic rudder, and they traded teeth for beaks. Some became warm-blooded and started growing at absurdly fast rates.
Meanwhile these Jurassic and Cretaceous birds colonized new habitats on the ground, in the water and particularly in the trees, where a group called the enantiornithines established a novel way of life, eating plants and bugs and nesting high in the canopy. By the waning days of the Cretaceous truly modern birds had appeared on the scene. Species such as Vegavis and Asteriornis, members of the same group as ducks and chickens, honked and flapped alongside many primitive, slow-growing holdovers with long tails, teeth and claws. Between the primitive holdovers and the modern newcomers, the Cretaceous boasted a staggering array of birds.
Then catastrophe struck. The culprit was a 10-kilometer-wide asteroid, a leftover crumb from the birth of our solar system that happened to intersect Earth. When the asteroid smashed into what is now the Yucatan Peninsula of Mexico, it detonated with the force of more than one billion nuclear bombs. Fire and brimstone filled the first days of the aftermath. Dust from the collision and soot from wildfires clogged the atmosphere, blocked out the sun and plunged the planet into a winter that lasted years. If you were alive that day, your entire species had only a 25 percent chance of continuing. Pterosaurs--the aerial reptiles that evolved flapping flight before birds--all died, as did the ocean-living reptiles and coil-shelled ammonites. And so did nearly every dinosaur.
Paleontologists have argued about the speed of the end-Cretaceous extinction and whether the asteroid was the killer or a wrongfully accused bystander to an extinction event that was already underway. Based on new evidence, I am confident that death came fast--instantaneously, in geological terms--and that the asteroid was indeed to blame.
For more than a decade my colleagues and I have prospected the badlands of northwestern New Mexico, where the pastel-striped rocks preserve layer after layer of dinosaur fossils leading up to the extinction. In 2025 our team, led by geologist Andrew Flynn of New Mexico State University, described a vibrant community of dinosaurs in that area accurately dated to less than a few hundred thousand years before the asteroid. They were thriving. There were meat eaters and plant eaters, ones with horns and others with duck bills, tiny raptors, apex-predator tyrannosaurs, and even a long-necked sauropod, Alamosaurus, that was one of the largest animals to ever live on land. There is no sign that anything was amiss. And then their skeletons disappear from the rocks, and only one type of dinosaur fossil remains: the fragile, hollow bones of birds.
To understand why birds endured when the nonavian dinosaurs went extinct, we first must consider the overall roster of victims and survivors--not just dinosaurs but the entirety of the animal kingdom that existed right before the asteroid struck. The overarching pattern is clear: if you were big, you died. Every terrestrial creature larger than a Siberian husky failed to make it through the Cretaceous and into the next interval of time, the Paleogene.
With this rule in mind, we can see why nonavian dinosaurs--including many of the feathered dinosaurs--were marked for death. Because of their generally hefty size, they needed to eat substantial quantities of food, which was difficult when the land burned and ecosystems collapsed. These animals could not easily burrow or shelter their large bodies from the fires and other environmental destruction that happened immediately after the impact. And most of them took several years to grow into adults, which worsened the odds that a single individual could persist through the interminable asteroid-induced winter.
Birds, however, had many of the opposite attributes. Their small size meant they didn't need to eat hundreds of pounds of food every day and could better manage lean times. They could fly, so even if they couldn't dig burrows, they could launch themselves far away from any immediate danger. Certainly these assets gave birds a leg up compared with the other dinosaurs and the various other animals that died. Case closed?
[image: Anatomical illustrations highlight traits of birds that set them apart from the archaic birds that perished along with the other dinosaurs. Pengornis and other archaic birds whose lineages were wiped out had teeth in their jaws, large claws on their hands, a long, bony tail and a small breastbone. Vegavis had several traits that scientists suspect were key to the success of modern bird lineages: small body size, a beak instead of teeth, large wings, powerful chest muscles, and a shorter tail that served as an aerodynamic rudder.]Rebecca Gelernter



Not exactly, because of one nagging problem. The end-Cretaceous was not a simple story of birds surviving while the nonbird dinosaurs died. In fact, many birds were also extinguished in the fire and fury of the asteroid. Most of them--maybe nearly all of them--followed T. rex to the grave. One estimate puts the scale of bird extinction from this catastrophe at more than 90 percent. If it weren't for some plucky survivors, birds might have gone the way of their dinosaur cousins, and there would be no sparrows at your bird feeder, fried chicken dinners or pet parakeets today. So we must reframe the question: Why did only a few birds survive?
Once again we can compare victims with survivors, this time among birds. Well-sampled rocks of the latest Cretaceous, spanning from our team's field sites in New Mexico north to Montana and into Saskatchewan, have yielded more than a dozen distinct species of birds. They range from archaic forms that retained teeth and long tails to highly advanced members of the modern groups. The extinction is marked by a thin line in the rocks, saturated with the rare element iridium, delivered to Earth by the asteroid. Above it only a single type of bird fossil is ever seen again: members of the modern-day lineages. All other birds disappear; never would there be another bird with teeth in its jaws or sickle claws on its fingers or long broomstick tails. And that's true everywhere in the world.
The only birds that carried on into the Paleogene are the so-called crown group: members of the modern lineages, the parts of the bird family tree that are still living and expanding today. Much of what we know about the founding members of the bird crown group comes from two recently discovered fossils dating to the very end of the Cretaceous.
The first is Vegavis, originally described from a scramble of bones embedded in a concrete-hard nodule plucked from the ice fields of Antarctica in the 1990s and supplemented last year by a breathtakingly preserved fossil skull described by Christopher Torres of the University of the Pacific in Stockton, Calif., Julia Clarke of the University of Texas at Austin and their colleagues. The second is Asteriornis--nicknamed the Wonderchicken--found inside limestone blocks wrested from a quarry near the Belgian-Dutch border and described by Daniel J. Field of the University of Cambridge and his team in 2020. Both are members of the duck and chicken family and thus firmly ensconced in the family tree of today's birds.
Vegavis and Asteriornis are emblematic of the birds that faced down the asteroid. They were small for birds of their time, had beaks instead of teeth, and lived in or near the water. And they experienced a fast-paced life in which they grew from hatchling to adult within one year, as shown by the lack of any annual growth rings inside their bones.
Many birds were also extinguished by the fire and fury of the asteroid. Why did only a few survive?

Vegavis, which is known from more complete fossils, was additionally a strong flier with large wings and powerful chest muscles. It has been found with a petrified syrinx, the bird vocal organ, in its chest, indicating that it could have honked and squawked and made other complex vocalizations. Antarctica was warmer in the Cretaceous than it is today, but still, Vegavis was clearly a robust bird that was able to tolerate the dark winters of the high latitudes. So in many ways the first crown-group birds were special--and their uniqueness might have been the fount of their resiliency.
Were there specific reasons that fast-growing waterbirds with beaks could defy the asteroid? Recent studies by Field, Derek Larson of the University of Toronto and their colleagues suggest that two factors were critical: habitat and diet. Where you lived and what you ate might have dictated your fate at the end of the Cretaceous. Crown-group birds had the winning combos.
Let's consider habitat first. The effects of the asteroid touched all corners of Earth, but no environment had it worse than forests. They were pummeled, first by shock waves near the impact zone and then globally by fires and acid rain over the following days and weeks. Any trees that survived the onslaught would have been slowly starved of the sunlight they needed to photosynthesize their food. A plague of fungi preserved in the fossil record marks the mass die-off of forests. It probably took hundreds of years for them to grow back once the sunlight returned.
All animals that frequented trees would have been in trouble--their shelter, nesting grounds and food sources would have disappeared. Many Cretaceous birds, particularly the archaic long-tailed species, were tree-living specialists. But not Vegavis, Asteriornis, and other early crown-group birds, which lived around the water and on the ground. Their homes would have been damaged but not destroyed.
Now on to diet. When the long winter descended, ecosystems built on a foundation of photosynthesizing plants collapsed. When the plants died, plant-eating animals had no food, so they also died. Then the meat eaters succumbed, with the losses cascading up the food chain until the entire network went kaput. But one plant resource remained available for those that could take advantage of it: seeds.
Most plants would have died quickly, and animals that ate leaves, stems, shoots, fruits, or other parts of a growing plant were out of luck. Not so with seeds. As we see in modern-day disasters, seeds can remain viable in the soil for decades and allow ecosystems to return after a fire or volcanic eruption. Because crown-group birds had sharp, mobile nutcracker beaks, they would have been able to exploit seeds as food, whereas most other animals--including the archaic toothed birds--could not.
When you add it all together, survivorship at the end-Cretaceous meant winning an unhinged game of poker. Each species sat at the proverbial table with a hand of cards: where they lived, what they ate, how they grew and behaved. But the deck was frozen--they couldn't draw any new cards, because there was no time to adapt through the usual processes of natural selection, of genes shaping success over the generations.
Instead the rules of the game were simple but brutal: What hand did you hold when the calamity struck? If you were slow-growing, unable to burrow or shelter, lived in the trees or had to eat a lot of food (especially plants), then game over. The nonavian dinosaurs, including most feathered dinosaurs, found themselves in this situation despite their resounding dominance over the previous 150 million years. So, too, did many bona fide flapping, flying birds.
But if you grew fast, could shelter or fly away from danger, lived on the ground or in the water, and could eat seeds, then any of those assets would have been beneficial and improved your odds at the poker table. And if you held all of those cards? You had a royal flush. Crown-group birds just so happened to hold this hand, and they won the game--and with it the opportunity to evade extinction, live another day and spawn a new dynasty of dinosaurs.

After the impact, once the soot clouds cleared and sunlight brightened a blighted land, healing could begin. Winter gave way to rebirth. Seeds grew into trees, trees into forests, forests into complex ecosystems. Within a few thousand years Earth was brimming with life again. And this new world thrummed with birdsong.
In New Mexico, above those Cretaceous rocks bursting with dinosaur bones, are mudstones from the ensuing Paleogene, formed on riverbanks and in jungle swamps. These Paleogene layers are full of fossils, too--not the dagger teeth of tyrannosaurs and the giant backbones of sauropods but the jaws and teeth of mammals. Our furry ancestors held their own winning poker hand when the asteroid struck: they were tiny burrowers that were capable of growing fast and could eat nearly anything.
After patiently biding their time in the shadows, living underfoot of dinosaurs for 150 million years but rarely, if ever, getting bigger than a house cat, mammals suddenly had their opportunity. A million years after the asteroid impact there were mammals the size of cattle, and these upstarts rushed to fill ecological niches vacated by the dead dinosaurs. But they would not be alone.
Survivorship at the end of the Cretaceous meant winning an unhinged game of poker.

Every spring I venture into the New Mexico badlands, and over the years I've developed an eye for spotting the teeth of Paleogene mammals. But no matter how many I find, there has not been a single day when I've eclipsed the haul collected by my friend Thomas Williamson, recently retired curator at the New Mexico Museum of Natural History and Science. Williamson is the world expert on these mammals that took over from the dinosaurs, an accolade earned through decades of grueling hikes through the desert with his eyes glued to the ground. He is so obsessed that he would take his twin boys, Ryan and Taylor, deep into the badlands when they were young, multitasking childcare with fossil hunting. He trained them just as he would later train me.
On one of their family outings, when the twins were 10 years old, Taylor grew bored after many hours of fruitless searching. He wandered off by himself to look for rattlesnakes. Having no luck, he stopped for a bathroom break. That's when he tripped over a trove of fossils--countless pieces of bone of all shapes and sizes peeking out of the desert floor. His celebratory screams echoed through the empty canyons, eventually reaching his dad.
Williamson later returned with a shovel to collect bagfuls of rock, which he passed through sieves at the museum, picking out each and every fossil. Among the bones were some unusual ones, paper-thin and hollow inside. One of them looked like a stub of tailbones smashed together, and others contained fused chunks of hand and wrist. These were not the bones of mammals; they belonged to a bird.
Williamson and two of his colleagues, Daniel Ksepka of the Bruce Museum in Greenwich, Conn., and Thomas Stidham, now at Austin College in Texas, gave this bird a name: Tsidiiyazhi abini. It means "little morning bird" in Navajo, a tribute to those who have called this region of Paleogene jungle turned desert home for many centuries. Living just a few million years after the asteroid, it was a tiny perching bird, a budgie-size species that had returned to the trees after the forests regrew. It was so well suited to the canopy that it could rotate two of its toes backward to grip branches, an unusual ability that gave away its identity: it was a mousebird. Mousebirds belong to the bird crown group, and six species of them are still alive today in sub-Saharan Africa.
Finding a mousebird in New Mexico a few million years after the asteroid has startling implications. Mousebirds are deeply nested in the family tree of modern birds, meaning that by the time mousebirds came into existence, many of their more primitive crown-group cousins would have already branched off. If there were mousebirds in the early Paleogene, there must have been early members of other lineages, too: flamingo and grebe, hawk and eagle, pigeon and dove, owl, and many more. Indeed, if you examine the most up-to-date genealogies of today's birds--such as the one presented in 2024 by Josefin Stiller of the University of Copenhagen and her colleagues based on entire genomes of hundreds of species--many major groups of contemporary birds are implied to have originated right after the end-Cretaceous extinction in an exuberant burst of evolution.
With the asteroid in the rearview mirror, their dinosaur cousins and ancestors gone and mammals now nipping at their wings, the birds that bested the end-Cretaceous asteroid were free to diversify with gusto. They experimented with new flying styles and diets, expanded into uncharted environments, and fashioned the foundation of today's bird diversity--more than 10,000 species, around twice the number of mammals.
So far this story is mostly implied by DNA and family trees. Other than Taylor's Tsidiiyazhi and a few other scrappy specimens, we haven't yet found many fossils of these early Paleogene birds. Doing so will be challenging because these birds were small and fragile and probably did not easily petrify into stone. But if the theory is true, then the fossils should be out there, concealed in the rocks, waiting for a new generation of paleontologists (or their kids) to find them. I'll be looking the next time my students and I are in New Mexico.

Steve Brusatte is a professor at the University of Edinburgh and author of The Story of Birds, a new narrative history of bird origins and evolution (Mariner, 2026).
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Space hotels are coming soon

With the rise of private orbital habitats, vacations in space are becoming a real possibility for the ultrawealthy

By Jonathan O'Callaghan edited by Lee Billings
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When astronauts first step onboard commercial space stations, the experience will be unlike anything they've encountered before. They could find wood paneling and warm interiors, next-generation sleeping pods, large windows for a stunning view of Earth, and an ambience akin to that of a high-end hotel on the ground. This vision is the promise of multiple private efforts to launch orbital habitats in the coming years that could welcome space tourists and government astronauts alike.
But the idea of luxury living in space--something commercial space station operators are so far being careful not to promise--can seem like an oxymoron. For instance, the International Space Station (ISS) is cramped, smelly and filled with crumbs and dead skin cells. Maintaining a comfortable, clean atmosphere, much less a five-star experience, on a functioning spaceship will present all kinds of hurdles. "I'm skeptical," says Jeff Nosanov, an industry expert based in Atlanta and a former NASA proposal manager. "The challenges of keeping a space station functional are very underappreciated."
The first of four planned commercial space stations, Haven-1 from California-based company Vast, is set to launch early in 2027. These outposts are being developed, some with funding from NASA, as successors to the ISS ahead of its scheduled retirement in the 2030s. The shift from public to private space stations, a first in human history, brings with it new opportunities for reimagining what life in orbit will look like.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

"It'll be a futuristic experience," says Dylan Taylor, CEO and chair of Voyager Technologies in Colorado, the company leading the development of the Starlab Space Station, targeted for launch in 2029. "Instead of 'luxury,' 'modern' or 'advanced' is a better word," he says, noting that the ISS--though magnificent--was based on 1980s and 1990s technology. "Everything we're building is 2020s or 2030s technology."
Of the four companies involved in such efforts, Vast may be closest to launching a space habitat. Two other competitors, Axiom Space of Texas's Axiom Station and Orbital Reef, led by Blue Origin in Washington State, have also said they intend to launch by the end of the decade. Each of the stations must fulfill a long checklist of requirements from NASA if its maker wants the agency to send up astronauts, from limits on the level of carbon dioxide in the air to the color of indicator lights. But many decisions about how the stations will work--whichever of them make it to space--will be left to the operating company.
All of the stations are intended to orbit at an altitude similar to the ISS's, around 250 miles above Earth, and to support crews of four to 10 people at a time. SpaceX's Crew Dragon capsule or perhaps other vehicles, such as Boeing's beleaguered Starliner, will probably handle most of the transportation. Stays onboard the stations will last weeks at first but could be extended to months or even years in the future.
"The space toilets on the [ISS] frequently have issues. It's like sitting on a vacuum cleaner. It's not luxurious by any measure." --Jeff Nosanov, Former NASA Proposal Manager

Anticipated guests include space tourists, private researchers and government astronauts. Roman Chiporukha, co-founder of New York City-based company SpaceVIP, which brokers tickets to space, says the station operators are "quietly assessing interest" to figure out how many travelers they could expect. With ticket prices for a stay nearing $100 million, the potential customer base is unlikely to be huge. "There are maybe 1,000 people in the world who can afford that," Chiporukha says.
Taylor expects the visitors, at least initially, to be "mostly" government-sponsored professional astronauts from agencies such as NASA. Onboard they will be able to conduct a wide range of research or manufacture products for use on Earth, such as advanced semiconductors and pharmaceuticals--similar to the setup on the ISS but with fewer constraints. "You can much more quickly run experiments on a commercial space station because you don't have the red tape of the ISS," Taylor says.
Those astronauts can expect to find stations that are conceptually wildly different from the ISS. Many of the operators have collaborated with leading designers and brands to give their stations a level of panache not seen in space in the decades of people living there. In 2022 Voyager announced it was partnering with Hilton to design its space station, with a promotional video later showing the kind of soft interiors, plush gray walls and soothing lighting that you might expect in a fancy hotel on Earth, not speeding at 17,000 miles per hour around the planet.
Vast hired former Apple designer Peter Russell-Clarke in 2023 to help envision its station. Haven-1 will boast a clean and sleek interior with wood paneling and soft surfaces; promotional images show visitors sleeping under a cozy, inflatable duvet that applies pressure to make it feel like they're under gravity's influence. "It's absolutely meant to be more of a luxury experience," Chiporukha says. Axiom, meanwhile, hired French designer Philippe Starck for the interior of its station, which includes bubblelike padded walls for comfortable living quarters.
Sleep will be a key part of making commercial space stations feel homey, says Anastasia Prosina, founder of space consultancy firm Stellar Amenities and a commercial space-habitat-development consultant based in California. That's because of the potentially disruptive effect of seeing 15 or 16 sunsets and sunrises every 24 hours. "If you think about luxurious experiences, you want to make sure people feel okay," she says. "Sleep quality is something astronauts speak very openly [about]." Options for improving shut-eye in orbit include using controlled lighting inside the station to simulate a sunrise and sunset at the start and end of the traditional day, maintaining some semblance of a diurnal cycle.
Even with all the best intentions, there are some aspects of living in a confined space in orbit that, for now, can't be made plush. Toilets, for example, are infamously difficult to design with any level of glamour. "The space toilets on the [ISS] frequently have issues," Nosanov says. "It's like sitting on a vacuum cleaner. It's not luxurious by any measure."
There's also the problem of actually running and maintaining the stations, which will require crews of dedicated astronauts, not just space tourists, to ensure everything operates smoothly around the clock. "Almost all the time astronauts spend on the ISS is for keeping it working," Nosanov says. The new stations will "be really clean at first, but that's not going to last long. I mean, a space station smells like farts all the time. And people don't bathe--they wash a bit, but it's really survival living."
Still, perhaps these stations will be the first step toward a future of more luxurious abodes--maybe with the perfect space toilet to boot.
Discussions

We're looking to host the most interesting science conversations on the web for this topic.




Jonathan O'Callaghan is an award-winning freelance journalist covering astronomy, astrophysics, commercial spaceflight and space exploration. Follow him on X @Astro_Jonny
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Inside the labs where chemists engineer luxury perfumes

At Givaudan and IFF, chemists build--and safeguard--new aroma molecules tightly linked to emotion and memory

By April Long edited by Eric Sullivan
[image: A dimensional perfume bottle inside a cutout of a chemistry glassware flask against a pink background.] Kyle Bean



On the 11th floor of a nondescript office building on 57th street in Manhattan, pipette-wielding technicians in white lab coats hunch over glass vials and digital scales, carefully concocting perfumes. This is the Experimental Lab at Givaudan, one of the world's largest fragrance manufacturers, and the work these technicians are doing is as meticulous as that of engineers layering silicon on a microchip. Their job is to produce trial batches of perfumers' scent formulas--typically as many as 250 a day--which will be evaluated, tweaked and made again until one version is finalized. The walls are lined with thousands of jars and containers, each holding a unique aromatic substance--and in the room beyond sit another 50,000 trial vials, stacked on shelves that seem to recede into infinity.
"You come in, and it just looks scary," says Givaudan vice president perfumer Stephen Nilsen. "But each bottle is a secret, a mystery. There's a story in each one."
For thousands of years perfume ingredients were simply distilled from flowers or extracted from plants. Then, in 1868, the first organic scent molecules were synthesized, opening a panorama of new olfactory possibilities. The market may celebrate a perfumer's artistry, but innovation in the luxury-fragrance industry is ultimately driven by the chemists whose experiments bring new aroma molecules into existence.
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"We are at the ideation, proof-of-concept, wacky-science" stage of the process, says Paul Jones, director and principal scientist for International Flavors and Fragrances (IFF), another leading fragrance company. In IFF's labs in Union Beach, N.J., Jones and his fellow organic chemists build models of speculative scent molecules and draft hypotheses before running raw materials through chemical reactions to see what new smells emerge. The goal: to create a scalable, custom-crafted chemical compound that IFF can use to competitive advantage.
The landscape of fragrance creation--a global market that data company Statista projects will be worth upward of $65 billion this year--is rife with trade secrets. Perfume formulas are rarely patented--they are fiercely guarded as trade secrets instead--but the engineered molecules themselves are routinely patented and trademarked, remaining exclusive "captives" to their inventors for years until going on the market.
Before even starting a reaction, Jones says, fragrance makers must consider the intellectual-property concerns for a molecule. "The analytical science is so good that if you don't have IP-protected materials, then your creation is open for everybody to copy." The stakes are especially high in the luxury market. "The difference between a fine fragrance and a consumer fragrance, like [one used in] laundry detergent, is that fine fragrance has allure and sophistication," he says--an element of "sparkle" such as a hit of Saffiano, a molecule developed by IFF that smells like suede, "so when you put it on, you're like, Oh, wait a minute."
Innovation in fine fragrance is driven by chemists whose experiments bring new aroma molecules into existence.

This molecular tinkering also yields replacements for endangered or restricted natural ingredients. Increasingly the fragrance houses are employing soft chemistry to achieve these goals, using biological processes such as fermentation or enzymatic transformation. "Think about how fermentation by yeast turns sugar into alcohol," Nilsen says. "We have enzymes and strains of microorganisms that can similarly digest sugar or transform molecules to create complex molecular structures that can form the foundation for making beautiful smells."
These molecules have the added benefit of being more sustainable. One example Nilsen cites is Ambrofix, a woody, amber-scented molecule that serves as a replacement for ambergris, a substance produced in the digestive tracts of sperm whales. Originally derived from sclareol, a compound in clary sage, Ambrofix is now produced via cane sugar fermentation. "We used to need thousands of acres to grow enough plants to make it," Nilsen says. "Now we have a bioreactor where we use a hundred times less land to create the same molecule."
Perfumery innovations aren't happening just in synthetic chemistry labs. Botanists are hybridizing flowers to produce specimens that yield superior scents, and eco-friendly extraction techniques, such as the use of supercritical carbon dioxide and microwave technology, are gradually phasing out hexane, a toxic petroleum solvent long used to extract aromatic molecules from botanicals. Advancements in upcycling are also bringing fresh ingredients to perfumers' palettes. According to Bernard Blerot, vice president of R&D for naturals at IFF, one of the latest notes to be introduced this way is Oakwood, the result of a patented CO2 extraction process using excess wood from the largest barrel producer in France. "The smell is interesting because it's dry and warm at the same time," Blerot says. "It's different from sandalwood or vetiver or patchouli," giving perfumers an additional note they can now use.
The luxury market's appetite for new scent molecules draws on neurobiology: smell is tightly bound to emotion and memory. We are hardwired to experience scent the way we do, says neuroscientist Rachel Herz, author of the 2007 book The Scent of Desire, and this trait makes us naturally inclined to seek out the transient hedonic moments perfume can provide. "Our perception of scent and the activation of emotion take place in the exact same part of the brain, so our experience of scent is fundamentally emotional, and this is different from all of our other sensory experiences," she says. "It makes us feel something even if we don't recognize it or understand that there's some background to it. And when that feeling is good, it is a deep, inherent pleasure that doesn't come with analytics or cognitive overlay. It's really pure. And I think that's why there is such a drive for it."
As we walk around the Givaudan lab, Nilsen waves bottle after bottle of aroma chemicals under my nose. One smells like cold air, one like pencil shavings, another like passion fruit mingled with onions. (I find it a bit weird, but "we use it all the time," he says.) I smell raw materials: rose absolute, pink pepper, jasmine. At the end of the tour, he shows me Carto, a robot that enables perfumers to "sketch" compositions before they even go to the Experimental Lab for trials. One side of the machine is a glass chamber containing 300 perfume ingredients; the other is a computer screen.
"Somebody came to me recently and said they wanted a fragrance that smelled like a rainbow mango," Nilsen says. "I was like, I don't know what that is. So I came in here and said, What might be there? Ethyl butyrate, some citrals, some green notes--a green apple, a little pear. Some peach." He taps these notes and more into Carto, and the mechanism swings into action, measuring the ingredients into a sample vial. Nilsen removes the result as though from a vending machine and hands it to me to sniff. It smells like mango but brighter, zestier and more complex. A mango I might even want to wear on my skin.
"It's nowhere near being a finished perfume," Nilsen shrugs, "but it just makes you happy, doesn't it?"
Discussions

We're looking to host the most interesting science conversations on the web for this topic.




April Long is a Brooklyn-based writer and author of the fragrance-focused Substack The Pomader.
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How a lost 1812 wristwatch sparked a 200-year race in precision engineering

Modern luxury watches can be traced back to one of Napoleon Bonaparte's younger sisters

By Jeanna Bryner edited by Seth Fletcher
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Queen Caroline Murat of Naples, a younger sister of Napoleon Bonaparte, is credited with wearing the world's first wristwatch: an oval-shaped face with a silver dial, attached to a bracelet made of hair and golden threads. Presented to the queen by Swiss watchmaker Abraham-Louis Breguet in 1812, the watch (which has since been lost) would look underwhelming alongside today's timekeeping masterpieces. As watches have become more complicated (yes, in the world of timepieces that could require a mortgage to purchase, it pays to be complicated), materials science and engineering have become ever more critical. Take the first silent vibrating alarm developed for a mechanical watch that debuted in 2019. Watchmaking company Richard Mille spent five years creating a watch with 816 parts whose two bezels of carbon fiber and titanium, respectively, shuttled vibrations originating from an oscillating mass to the wearer's wrist.
Those parts were tucked in what would be considered haute horology and embody a recurring theme throughout the years: luxury watches represent the confluence of art and science, fashion and sentimentality, precision engineering and aesthetic distinctiveness. "Nobody spends six figures on a mechanical watch because it is the most efficient way to know the time," says Nicholas Manousos, executive director of the Horological Society of New York. "People buy fine watches for the same reason they buy art or classic cars. They are drawn to craftsmanship, beauty, engineering, rarity, history, and the emotional power of an object made by human hands."
TanTan Wang, an editor at well-known watch-news site Hodinkee, adds that the beauty of these watches is that art and science go hand in hand. "Some of the most incredibly technical watches might also have every single part exquisitely decorated and finished by hand."

On supporting science journalism
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Scientific American spoke with Manousos and Wang about advances in watchmaking and why watch nerds have become obsessed with collecting these accessories.
An edited transcript of the interviews follows.
Modern smartphones have made wristwatches largely pointless. So why do you think people continue to spend tens or hundreds of thousands of dollars on them?
Wang: Watches are appealing because they tap into the basic human desire for personal expression. From one angle, sure, people might be drawn to luxury watches because they are recognized as status symbols. But when you talk to the watch nerds, the conversation is very different. The exciting part about watches is that so many people can approach them in dramatically different ways. Some people come to them because of the history, some because of a fascination with micromechanics, and some for design and fashion.
At the same time, as our society becomes increasingly digital and online, wristwatches offer a respite from all this. Mechanical watches are little, miraculous pieces of engineering that still draw on many of the same techniques developed hundreds of years ago. Well-made watches can be passed down for generations, and that's something that feels rare for any product these days.
Manousos: The human aspect of mechanical watchmaking is also incredibly powerful. In a world dominated by digital systems, a watch is honest. You can see the gears, springs, escapement and finishing. It reminds people that ingenuity can be elegant, tangible and poetic, not just efficient.
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Is watchmaking more art or science?
Manousos: To me, watchmaking is at its best when art and science are inseparable. The science is obvious. A watch has to solve real engineering problems: how to store energy, regulate it and transmit it efficiently; compensate for shocks, temperature, friction and wear; and package that into a tiny object that can run reliably. The technical side is relentless. But the art is just as important. Finishing a bridge [which secures the moving parts] by hand, shaping a case so it wears beautifully, designing a dial, tuning the sound of a minute repeater--all of that is artistic judgment.
Wang: There's also a much more literal version of watches as art. Many decorative disciplines exist in watchmaking, especially with the dial as a canvas. Grand feu enameling is a popular form where glass enamel powder is crushed up and mixed with water, hand-painted onto dials and then fired at high temperatures layer by layer. Delicate arts such as enameling often have painfully high failure rates, making the final product that much more special to the final owner.
What do horologists and others consider the greatest achievements in watchmaking in the past decade?
Manousos: One of the most important achievements has been the widespread adoption of silicon in key movement components, especially the hairspring and parts of the escapement [the feature that underlies a watch's ticking]. It might not sound as exciting as a new grand complication [a watch with several nontimekeeping elements], but from a horological standpoint it's incredibly significant. Silicon is nonmagnetic and extremely light, and it can be manufactured with extraordinary precision, which means watches are far more resistant to magnetism and generally more stable in their timekeeping.
Wang: This one's hard to answer! One of the most interesting battles we saw a few years back between different watch brands was a competition to make increasingly thin time-only watches. We're talking about each new record shaving off literal tenths of a millimeter. Absolutely mind-blowing stuff. For context, the thickness of these watches is just a little more than that of two credit cards stacked on top of each other.
"[A watch] reminds people that ingenuity can be elegant, tangible and poetic, not just efficient." --Nicholas Manousos, Horological Society of New York

I'm also interested in tool watches, such as the Omega Speedmaster worn by astronaut Buzz Aldrin on his moon mission and the Rolex Explorer created specifically for use in extreme environments. What made these possible, and are advances still being made in this arena?
Manousos: Tool watches were developed to meet very practical needs in these kinds of environments, where people such as pilots, divers, mountaineers and astronauts required instruments that were reliable, durable and easy to read quickly. Their success came from thoughtful engineering and purpose-driven design: robust movements, cases that could withstand pressure or shock, clear high-contrast dials, luminous materials for low light, and useful complications such as chronographs or timing bezels.
Advances are still being made today, largely through improved materials and engineering, including better antimagnetic components, stronger case materials, improved lubricants and more effective luminous compounds. Even though many of these mechanical watches are now worn as everyday items or collectibles, the core idea of them as reliable field instruments continues to evolve through steady improvements in durability, legibility and precision.
Wang: The Speedmaster Moonwatch is the tool watch with one of the best-known connections to real-life history. When NASA was looking for a watch to equip its astronauts with during its space missions in the 1960s, it had a list of 11 stringent tests. In 1965 Omega's ST 105.003 was the only one submitted by a brand to pass all of these with flying colors. What makes the watch special and beloved by collectors is that to this day, the current iteration of the Speedmaster Moonwatch is still made very similarly to its original counterpart, offering a very direct connection to that past.
At the same time, tool watches are continuing to be advanced. When it comes to dive watches, say, depth ratings are getting pushed deeper and deeper even though the depth ratings of many watches today are far deeper than any human could possibly go unscathed. If you ever find yourself at 20,000 feet underwater, the watch won't be your first concern. Also, tool watches are a great testing ground for advancements in the movements. Many brands are working to make their movements increasingly antimagnetic through the increased usage of silicon components, for example.
Are complications an area where you foresee engineering advances?
Wang: Complications are certainly a huge point of focus when it comes to pushing the boundaries of watchmaking. Even in the past year or so we've seen an emphasis on maximalist watchmaking, and in my mind great horological feats are what will push the idea of a luxury watch forward for the next 100 years. But I'd love to see a push toward making these high-end complications more accessible in price. A mechanical minute repeater that chimes out the current time on demand, for example, is expected to cost in the low to mid six figures. But some brands have figured out inventive solutions for bringing down the cost of other complications. It might be wishful thinking, but perhaps we'll see a repeater that mere mortals can afford.
Discussions

We're looking to host the most interesting science conversations on the web for this topic.




Jeanna Bryner is executive editor of Scientific American. Previously she was editor in chief of Live Science and, prior to that, an editor at Scholastic's Science World magazine. Bryner has an English degree from Salisbury University, a master's degree in biogeochemistry and environmental sciences from the University of Maryland and a graduate science journalism degree from New York University. She has worked as a biologist in Florida, where she monitored wetlands and did field surveys for endangered species, including the gorgeous Florida Scrub Jay. She also received an ocean sciences journalism fellowship from the Woods Hole Oceanographic Institution. She is a firm believer that science is for everyone and that just about everything can be viewed through the lens of science.
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Are expensive binoculars really worth it?

Binoculars and other far-range optics span a gamut of price points. Here's what separates top-tier from entry-level

By Kate Wong edited by Seth Fletcher
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When I first took up birding, during the early days of the COVID-19 pandemic, I couldn't believe I had only just discovered, in middle age, the joys of avian observation. It was the perfect hobby. I could watch birds anywhere. And I could do it virtually for free. I already had the one piece of equipment I needed to get started: a pair of good entry-level binoculars capable of magnifying small or distant birds so that I could better see their identifying characteristics and appreciate their beauty.
I was perfectly happy using those binoculars in the beginning. Before long I had racked up my first 100 species ("lifers" in the parlance of bird nerds) with them. Life was good. But then one day, out of curiosity, I tried out a pair of much more expensive bins from the locked display case at the local sporting goods store. Through them the world looked so much brighter, sharper, better. I could see the individual hairs of the taxidermy moose on the other side of the store. I didn't buy those binoculars that day, but I knew that as soon as I could invest in primo optics like that, I would.
Eventually I took the plunge and purchased a pair of--gulp--$3,200 Swarovski Optik NL Pures, which many people consider to be the best binoculars on the market for bird-watching. My original bins, a Celestron NatureDX pair that cost less than $200, still get plenty of use, living as they do on the sill of the kitchen window, within easy reach whenever an interesting bird visits the backyard feeder while I'm doing the dishes. But it's the new ones I take with me in the field on dedicated birding jaunts.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

I love these binoculars. They're a pleasure to look at and use, and, most important, I feel like they help me see a lot more. I'll admit, however, that I've wondered whether the price is justified. What, exactly, distinguishes binoculars that cost thousands of dollars from ones that sell for an order of magnitude less? I decided to find out.
A few decades ago this question was relatively easy to answer because binoculars were simpler, according to Steve Sosensky, content manager for Optics4Birding, a purveyor of birding optics. "There have been so many upgrades in the past 30 years," he says.
Fundamentally, binoculars are two small telescopes mounted side by side to allow the viewer to make long-distance observations with both eyes instead of just one. Each "telescope" contains large objective lenses at the front end of the barrel to gather light, faceted elements called prisms in the middle that refract light to correct the upside-down, reversed image produced by the objective lenses, and an eyepiece at the back end consisting of smaller lenses that magnify the image.
[image: A black and white photo of a man holding a pair of binoculars, with the man blurred in the background.]Swarovski Optik's NL Pure line of binoculars is widely considered to be the best in class--with a price tag to match.

Courtesy of Swarovski Optik



There are two general types of binoculars, based on two different configurations of the prism system. Porro prism binoculars, named after their mid-19th-century Italian inventor, Ignazio Porro, have offset prisms that take up a lot of space, making for bulkier bins. Roof prism binoculars, in contrast, have prisms that are arranged such that they create a straight line between the eyepiece and the light-gathering objective lens, giving this style of binocular a slimmer form. Porro prism binoculars are inherently better at transmitting light, producing an image that is bright and true, and they are easier to manufacture. Roof prism binoculars, developed at the turn of the 20th century, are more durable and easier to weatherproof, but they lose some light as it passes through the prisms.
Manufacturers came up with a host of new features to make their binoculars brighter, more accurate, tougher than ever before: prisms made of glass containing barium oxide to bend the light without scattering it; "phase correction" coatings for the prisms to improve light transmission; lenses made of glass containing the mineral fluorite to reduce color distortion; external lens coatings to resist scratching and repel water, oil and dust; nitrogen or argon gas pumped into the body of the binoculars to replace the moisture-laden air and thus prevent internal fogging; chassis made of magnesium for durability.
Albert Fiedler of Swarovski Optik, who has worked as an optical designer for 25 years, notes that one of the biggest advances he has observed in that time is the development of a "field flattener" system that makes the image sharp all the way to the edges. "Such systems are well known in astronomy but only at very high magnifications. We realized such systems with magnifications of 8x, 10x, 12x," he says, referring to the magnifications typically found in binoculars for wildlife viewing. In another breakthrough, they drastically reduced the weight of their largest spotting telescope--a device that offers much higher magnification than binoculars do--simply by changing the spacing between the three lenses in the objective.
Dan Cooper's ornithologist friends confirmed his hunch: "You don't really need to spend $2,500 anymore."

The more such bells and whistles a pair of bins had, the more expensive it was. If you were shopping for binoculars in the aughts, you'd need to shell out $500 for a decent pair and several times that amount for the top of the line. That's what conservation biologist and ornithologist Dan Cooper of the Resource Conservation District of the Santa Monica Mountains in Calabasas, Calif., did in 2009, when he bought a pair of $2,500 binoculars from Leica, which is regarded as one of the premier manufacturers of binoculars and other sporting optics, along with Swarovski Optik and Zeiss.
But in 2016, when Cooper started testing and reviewing binoculars in the $150 to $350 range for Wirecutter, the product-recommendation service of the New York Times, he was surprised to find that the market had changed. "I was like, damn, these are all pretty good," he says. His ornithologist friends confirmed his hunch: "You don't really need to spend $2,500 anymore." Cooper's top pick of the binoculars he tested, Athlon Optics' first-generation Midas model, has most of the same features that were once reserved for the priciest binoculars. Yet they retail for just $250. And 10 years after he started reviewing binoculars in that price range, they still come out on top.
Still, there are some situations in which Cooper says his Leicas have the edge on the Athlons. "If there's a small bird very far away in bad light, I'll use my Leicas because they have a lot more color accuracy and sharpness at those far distances," whereas the less expensive models get a little muddy at the edges of the image. Expensive binoculars, with their better build quality, also aren't going to break as easily, he adds.
Meanwhile binocular technology continues to advance, albeit perhaps not as dramatically as it did a quarter of a century ago. When Fiedler was designing the NL Pure line, which debuted in 2020, he was trying to improve on a predecessor that was already considered the gold standard. He focused on expanding the field of view, the width and height of the image section that is visible through the binoculars.
A wide field of view is desirable for bird-watching because it makes it easier to find a bird in dense foliage or in the sky and to track a bird on the move. Ultimately Fiedler and his colleagues developed a 70-degree apparent field of view--the widest available in this class of binocular--which required a lot of finessing to eliminate the accompanying optical aberrations. And they improved the ergonomics, refining the focusing mechanism to make it smooth yet precise.
Fiedler still sees room for improvement. Perhaps further tweaks to the arrangement of the lenses in the objective can reduce the diameter of these lenses and thus the weight of both binoculars and spotting scopes. Maybe they could develop a housing made of carbon, which is renowned for being durable and lightweight, and do away with the rubber armor that protects the instruments against shock, he suggests. "Just let me dream."
Discussions

We're looking to host the most interesting science conversations on the web for this topic.




Kate Wong is an award-winning science writer and senior editor for features at Scientific American, where she has focused on evolution, ecology, anthropology, archaeology, paleontology and animal behavior. She is fascinated by human origins, which she has covered for nearly 30 years. Recently she has become obsessed with birds. Her reporting has taken her to caves in France and Croatia that Neandertals once called home to the shores of Kenya's Lake Turkana in search of the oldest stone tools in the world, as well as to Madagascar on an expedition to unearth ancient mammals and dinosaurs, the icy waters of Antarctica, where humpback whales feast on krill, and a "Big Day" race around the state of Connecticut to find as many bird species as possible in 24 hours. Wong is co-author, with Donald Johanson, of Lucy's Legacy: The Quest for Human Origins. She holds a bachelor of science degree in biological anthropology and zoology from the University of Michigan. Follow her on Bluesky @katewong.bsky.social
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Freshwater mussels are disappearing--and no one is really sure why

Biologists are racing to save America's freshwater mussels--the water-filtering keystone species that once filled the country's rivers and streams--from extinction

By Robert Kunzig edited by Seth Fletcher
[image: A close up of freshwater mussels.]American streambeds were once paved with these beautiful burrowing creatures--300 species of them. Some 10 percent are extinct already. Many more are endangered, including the Northern riffleshell (pale with fine green rays, at bottom) and the clubshell (with darker splotches, at middle).

 Ryan Hagerty/U.S. Fish and Wildlife Service



Through my swim mask, I could see what Wendell Haag's finger was pointing at two feet below me on the riverbed. But I couldn't immediately see that it was alive. It looked like a rock with some kind of grayish goo stuck to it. We were in the South Fork of the Kentucky River, and I was on my hands and knees with my face in the water and my backside in the air--an inelegant pose I had learned from mussel biologists such as Haag. Finally, after a long, dumb stare, I recognized the mussel. It was mostly buried, but it, too, had left its posterior exposed, and the shell was slightly agape. Draped around that dark slit were fleshy protrusions that flapped like pennants in the current. The mussel, called a pocketbook, was fishing for bass.
A bass, it seems, would mistake those protrusions for an edible minnow. It would snap at the lure, whereupon, instead of food, it would get a mouth blast of mussel larvae--thousands of bivalved vampires smaller than salt grains, some of which would immediately latch on to its gills and start feeding on its blood.
When I first learned about this scenario, it caused me to think differently, and with more respect, about the pocketbook. And not just the pocketbook: roughly 300 species of freshwater mussel have been documented in North America. All of them are brainless invertebrates. They spend most of their lives lodged in riverbeds, filtering algae and bacteria from the passing water. Yet they all get fish to spread their spawn, and most deploy elaborate stratagems. Some mussels, like the pocketbook, convince a fish to bite into a lure full of larvae; others first snap their shell shut around the fish's head and spray their babies into its mouth. The larvae spend several weeks attached to the fish's gills, metamorphosing into juvenile mussels, then let go and drop to the riverbed. Often--and this is the point of the whole scheme--it will be upstream from where they boarded the fish.
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Freshwater mussels evolved from marine bivalves more than 200 million years ago, colonizing rivers by getting fish to carry their larvae upstream. Marine mussels are the kind many people like to eat. Freshwater mussels are the kind most people don't even know exist. They live for decades--more than a century in some cases.
But these days the freshwater species are vanishing. Around a tenth of the 300 in North America have gone extinct already, and a third of the survivors are listed as endangered or threatened. That's more puzzling than it might sound. Even though we've stopped building dams that destroy mussel habitat, even though we pollute rivers much less than we used to, most mussel populations have continued to decline. Scientists aren't sure why. "There's this environmental catastrophe going on, and we really don't know what's causing it," Haag said.
Haag belongs to a small community of researchers who are trying to stop it. In a half dozen state-run laboratories around the Southeast, the world hotspot of mussel diversity, researchers have perfected techniques for breeding rare mussels in captivity and then releasing them into rivers. For his part, Haag is leading a 13-state study of some 90 streams to look for the cause of the "enigmatic declines," as he calls them. There is still reason to hope, he thinks, that the drop-off can be reversed.

Last summer I plunged into four different Kentucky rivers with Haag, a U.S. Forest Service stream ecologist in Frankfort. He took me first to a stream that had so far been spared a serious decline--the Rolling Fork, on the southern edge of the Bluegrass region--to show me the kind of mussel population that was still common back in the 1980s, when he chose his path in life. Sprawled in that shallow river, even I was able to find six different species in a square yard of riverbed. Haag found many more. "We're walking on mussels here," he said.
Muskrats are even better mussel hunters than Haag, and on a gravel beach shaded by sycamores, they had left us an assortment of empty shells. Within 20 minutes Haag picked up more than 20 species. There were spikes, washboards and threeridges; muckets and fatmuckets ("not to be confused," he noted); pimplebacks, pocketbooks and Wabash pigtoes. They ranged in shape from ovoid to almost triangular, in texture from smooth to rippled and pimply. The largest was a six-inch-long washboard--a species that can reach the size of a dinner plate.
"There's this environmental catastrophe going on, and we really don't know what's causing it." --Wendell Haag, U.S. Forest Service

On the outside the shells were the colors of submerged rocks, from darkest brown to tawny to greenish yellow. But the inside was lined with lustrous, otherworldly mother-of-pearl. It shimmered in the sun. In some shells, it was pure white, in others pale yellow or pink, and in one slender young spike it was a deep, luxurious purple. That startling beauty has no known purpose, Haag said. Nothing sees it when the mussel is alive.
In all of Europe, there are only 16 species of freshwater mussel. But that one stretch of the Rolling Fork harbors about 35. "When you walk down to a riverbank and get in, that's what you ought to see," Haag said as we drove away.
That's not what we saw the next day at Horse Lick Creek on the Cumberland Plateau. In the late 1980s, when Haag first went to Horse Lick, it had dozens of mussel species, too. Now, after searching for more than an hour in sparkling riffles and deep, shaded pools, we found not a single mussel, alive or dead. Haag wasn't surprised, but he still seemed unsettled. "It's almost impossible to believe there were ever mussels here," he said. "There's just no evidence of them--I question my memory." But data confirm their disappearance.
Mussel biologists "all wrestle with this sense of loss and tragedy," Haag told me. Todd Amacker, the Tennessee Valley Authority (TVA) biologist who first hooked me on mussels, once traveled all over the Southeast to take photographs of extinct mussels in museum collections; his poster of 23 of them now hangs in classrooms around the region. "For me, studying life isn't just about science," Amacker says. "It's about appreciating beauty and facing the weight of what we've lost." In 2017 David Strayer, a freshwater ecologist at the Cary Institute of Ecosystem Studies in New York State, wrote a paper called "What Are Freshwater Mussels Worth?" It lists every conceivable reason we might have for valuing mussels. Between the lines of dispassionate philosophical analysis, you can almost hear the suppressed anguish.
[image: Unlike their marine ancestors, freshwater mussels don't set their larvae adrift. They parasitize fish: the larvae clamp on to a fish's gills, feed on its blood, then drop to the riverbed once they've matured. Illustration shows how five different mussel species deliver their brood to their preferred host.]Alex Boersma



The answer to Strayer's question used to be simpler: Freshwater mussels once had direct economic value. Native Americans ate them in large quantities and used the shells as hoes and scrapers. European Americans never developed a taste for them--the flavor, Haag reports, ranges from insipid to downright foul--but from the mid-19th century on, they did dig up mussels by the thousands on the off chance that one might contain a valuable pearl.
Those "pearl rushes," however, were nothing compared with the mussel boom unleashed by Johann Boepple, a button maker from Germany. Boepple discovered he could cut many beautiful buttons from the mother-of-pearl in a single large mussel shell. In 1891 he set up shop in Muscatine, Iowa, next to rich mussel beds in the Mississippi River. Within a decade the town had dozens of button factories, and the boom was spreading up and down the Mississippi and its tributaries. In his 2012 book North American Freshwater Mussels, Haag estimates that at least 11 billion mussels were made into buttons between 1895 and 1950. Until cheap plastic buttons put an end to the slaughter, our grandparents and great-grandparents all wore bits of mussel shell on their chest. Mussels certainly had a clear value then.
Surprisingly, Haag concludes, the button industry did little permanent damage; when mussels got scarce in one bed, the "shellers" moved to the next, and eventually mussel populations recovered. We did much greater harm to mussels unintentionally. Above all, it was the 20th-century boom in dam building that permanently devastated mussel populations in the Southeast and all over the U.S.
Dams converted the Tennessee, Cumberland, Ohio and Upper Mississippi Rivers into chains of lakes. Although some mussels live in silty lake bottoms, most prefer shallow, gravelly riverbeds, and the dams destroyed hundreds of miles of prime habitat. Muscle Shoals, Ala., famed for its recording studios, is probably named (with a misspelling) for a 50-mile stretch of the Tennessee River that was once home to at least 70 species of mussel. Fewer than half remain because the shoals are gone, inundated by three TVA dams built in the 1920s and 1930s. Haag estimates that dams are responsible for around 20 of the 30 or so extinctions that befell the mussel fauna of North America in the 20th century.

Why should we care? For one thing, mussels are keystones of the ecosystem. They filter food from the water and transfer waste to the sediment, where it feeds myriad other organisms. Mussels themselves are eaten by fish, mammals such as muskrats and raccoons, and ducks and other birds. For another, a healthy mussel population benefits us indirectly. It has been calculated that the mussels in one 300-mile stretch of the Upper Mississippi filter more than 14 billion gallons of water a day, about 75 times as much as the Minneapolis-Saint Paul sewage-treatment plant. If we still had precolonial mussel populations, all rivers in the East might be much clearer and perhaps cleaner than they are today.
One problem with valuing mussels primarily for their water-cleaning prowess, Strayer points out, is that zebra mussels, an invasive species, are even better at it. In the Hudson River, where Strayer works, they completely replaced native freshwater mussels (to which they're not closely related). The water got clearer. But biologists, and presumably most of the rest of us, would prefer to keep the native fauna. The Endangered Species Act (ESA) of 1973 requires us to try.
[image: A series of mussel photos, including a wavy-rayed lampmussel, eastern lampmussel, pimpleback, coosa moccasinshell, Texas fatmuckets, eastern elliptio, gulf pigtoe and two critters invasive in North America, the zebra mussel and Corbicula fluminea (Asian clams).]Half-buried in a streambed, mussels look so much like rocks that for an amateur they can be hard to recognize: you look for the slightly open shell pumping water. But they come in an astonishing variety of shapes, sizes, textures and decorative coloring. Two invasive species, beautiful in their own right, aren't closely related to native mussels. Asian clams may be behind their ongoing decline.

blickwinkel/Alamy (wavy-rayed lampmussel); LaSalle-Photo/Getty Images (Eastern lampmussel, zebra and Eastern elliptio); Ryan Hagerty/FWS (pimpleback); Brittany Barker-Jones/FWS (Coosa moccasinshell); FWS (Texas fatmucket); Ryan Hagerty/FWS (Southern pigtoe); Jamaludin Yusup/Getty Images (Corbicula fluminea)



In the end, the most solid basis for valuing mussels is not what they do for us but what they are, in all their strangeness--their "existence value," as Strayer calls it. In Bear Creek in northwestern Alabama, Amacker showed me two large mussels, a pocketbook and a pink heelsplitter, that were on the move, passing each other in opposite directions. Their motion itself was barely visible--mussels move by extending a muscular foot and then hauling themselves forward, maybe a quarter of an inch at a time, with long rests. But these two mussels, as they pushed aside cobbles half their size, had left visible wakes in the gravel. Where were they going so effortfully, and why? Mussel biologists can't answer such questions yet. Mussel research really started in earnest only after the ESA.
People who devote themselves to these obscure creatures have "existence value," too, it seems to me--they're a credit to our species. Amacker told me about a postal worker named Herbert Athearn in Cleveland, Tenn., who spent his spare time collecting mussels all over the Southeast, meticulously documenting where he had found them. Eventually, as two marriages fizzled, he filled his entire small house with museum-quality cabinets full of mussels. Before Athearn died, in 2011, he turned this "Museum of Fluviatile Mollusks" over to the North Carolina Museum of Natural Sciences. There, Amacker told me, it has become invaluable to mussel biologists. "When he was collecting in the 1950s, 1960s and 1970s, that's when things were winking out," Amacker said. "If it weren't for him, we wouldn't know a species had been there." In other words, scientists wouldn't know what needs to be restored to any particular stream.
When Haag was in college, in the mid-1980s, he spent two summers working for the Kentucky State Nature Preserves Commission, surveying rivers for mussels. By then dams had eliminated many species from the Cumberland, and Horse Lick Creek--which flows into the Rockcastle River, an undammed tributary of the Cumberland--was known as a refuge for some of them. But Haag noticed even then that most of its mussels were old. By the 1990s they were dying off. "That was mostly complete by 2005," Haag says. "I watched it happen. I documented it." It was happening in the Rockcastle as well and throughout the Southeast, especially in smaller upland rivers.
What was causing the declines? Dam building had pretty much stopped by the mid-1980s, and rivers in general had been getting cleaner since passage of the Clean Water Act of 1972, which put limits on sewage and industrial discharges. Nor did climate change seem to be a likely cause: it's not clear whether the rivers in question have warmed much, but warmer temperatures generally make mussels grow faster.
Of course, even with the Clean Water Act, many streams are still polluted. Fertilizer and pesticides run off farm fields; heavy metals seep from open coal mines. Rains erode soil from farms and construction sites, burying streambeds in sediment. The conventional wisdom has been that some combination of such factors must explain the continuing decline of mussels. But there have been few data to back that assumption up, Haag found.
That's actually a hopeful sign: it means mussels aren't simply doomed by modernity.

In the Rockcastle River, where the decline had been blamed on coal mining, Haag had an epiphany one day. As he searched for mussels, he was brushing away bunches of Asian clams, Corbicula fluminea. An invasive species, they were a familiar nuisance: he'd encountered them throughout his career in almost every streambed. After first being reported in Washington State in 1938, the clams had spread cross-country; they're now in 47 states. Greenish-yellow and small, typically an inch or less across, they can get so abundant they clog water intakes at power plants. Concentrations in the thousands per square yard are not uncommon.
"I remember lying there in the river," Haag told me as we drove away from the Rockcastle last summer, "and just all of a sudden I thought, 'Wow, why have we been ignoring these things all along?' They're so abundant. How could they not have had any effect on the native biota?" As a graduate student at the Ohio State University, Haag was diving regularly in Lake Erie when zebra mussels arrived in 1988--and in short order cleared the murky water. "Suddenly I could see a long way," he recalls. But the invaders also cleared the lake of native mussels. Haag thinks Asian clams might have had a similar impact as they spread across the Southeast in the 1960s. Back then, though, there were few mussel biologists around to notice.
In 2018 Haag and his colleagues did an experiment at 17 sites in the Rockcastle and its tributaries. That June they put juvenile, captive-reared mussels on the streambed, caged inside small concrete silos that water could flow through. They tested the water quality repeatedly through the summer, and at the end, after they returned to collect the mussels, they measured the abundance of Asian clams. At some sites the mussels had fared poorly, growing much less than at others. Cold water slowed growth, but there was little evidence of contamination by coal mines and no evidence that the slower growth was connected to water chemistry. Instead it was strongly correlated with the abundance of Asian clams.
Haag is now following up on that study with a much larger one--the most comprehensive attempt yet to get to the bottom of mussel declines. He and his colleagues spent three summers collecting data at about 90 streams in 13 states from Minnesota to Georgia. Researchers in all the states volunteered their help. Erin McCombs, a mussel biologist who now works at American Rivers, an environmental group based in Washington, D.C., secured the funding for the $1.3-million study from the BAND Foundation, the Merck Family Foundation and federal agencies.
This time, in addition to putting out captive-reared baby mussels, Haag's team assessed each stream's existing mussel community. They measured the prevalence of algae, the influx of sediment, and other variables that might affect mussels. From state researchers, they gathered data on water chemistry and on the health of each stream's fish and insect communities.
Haag is still parsing the vast dataset. It may not yield a conclusive answer to the mystery of mussel declines, he warns. But he thinks none of the usual suspects, such as pesticides and excess sedimentation, will emerge as likely culprits. So far the only factor that seems to be present in all or most streams hit by enigmatic declines is C. fluminea. "I'm pretty confident it's Asian clams," Haag says. When they first invade a stream and then explode in population, they might suck so much food out of the river that young mussels can no longer grow.
There's another possibility: the clams might transmit a novel virus or other pathogen. The idea has been in the news in recent years. Since 2016 the Clinch River in southwestern Virginia has been struck repeatedly by sudden mussel die-offs in which thousands of pheasantshells expire within weeks. In 2020 University of Wisconsin-Madison veterinary epidemiologist Tony Goldberg and his doctoral student Jordan Richard identified a novel virus in some of those dying mussels. It turned out to be a false alarm. The virus soon turned up in other rivers; it seems to be an opportunist that affects mussels that are already sick for other reasons. "We still don't know what's killing the mussels" in the Clinch, Goldberg says--or how such short-lived catastrophes might relate to the longer-term declines Haag has been investigating.
Goldberg and Charlotte Ford, a postdoctoral researcher in his lab, are now analyzing baby mussels from Haag's study. So far they haven't found a mussel killer. But they have confirmed mussels' essential strangeness: instead of fighting viruses, as vertebrates do, mussels seem to try to make peace with any that come their way. The researchers have found DNA of some 7,000 previously undocumented viruses in the mussels, almost all of them novel--"which is a staggering number," Goldberg says, "and very difficult to analyze."
Whatever the cause of mussel declines, it's something specific to them--that much is already clear, Haag thinks. It's not just that we've degraded mussel habitat in 1,000 ways. If that were the problem, then mussel health in a stream would be correlated with that of fish and insects, each of which is used as an indicator of a stream's biotic integrity. But "that's not the case," Haag said. "There's no correlation whatsoever."
That's actually a hopeful sign: It means mussels aren't simply doomed by modernity. They're able to live in the world we've created--provided, that is, that we can figure out what's killing them and start restoring the populations that have been lost.

Alabama, where I live, has 181 species of mussels, more than any other state. Of those, 63 are listed as endangered or threatened. At the Alabama Aquatic Biodiversity Center, a state-owned cluster of one-story buildings and a few ponds outside Marion, program supervisor Paul Johnson and his small team try to keep the most critically endangered species of mussels from winking out by hatching them and releasing them back into streams. "Paul is an effing hero," says Tierra Curry, a senior scientist at the Center for Biological Diversity, an environmental group. "He's the only reason some species are still on this planet."
The process begins in the places where the mussels still live, often just a few miles of one small river. Every spring Johnson's team heads to those places--the Conasauga River in Georgia for the Coosa moccasinshell, for example, or the Buttahatchee River in Mississippi for the Southern combshell--to look for gravid female mussels. Finding any endangered mussel is hard, but finding one that's pregnant is harder: you have to carefully pry open the shell just enough to see whether the gills are inflated with larvae. In the Buttahatchee last spring, Johnson says, it took four guys searching for half a day to find two gravid Southern combshells. Some years they get none.
At the biodiversity center, I watched biologist Michael Buntin open one of those Southern combshells again and squirt its gills, very gently, with water from a hypodermic needle to flush out the milky larvae. "I don't want to hurt her," he explained. (The next day a colleague would be traveling five hours round-trip by car and kayak to take this single mussel back home.) Under a microscope the larvae were translucent, but they were already tiny bivalves. When Buntin sprinkled salt in their petri dish, they snapped shut, proving they were alive--and illustrating how they would shortly latch on to fish gills. "We're going to make some fish angry," Buntin said.
In a large hangar that was alive with the noise of pumps and water gurgling into hundreds of tanks, Buntin poured the solution of larvae into a small, clear tank, then dumped in a couple of dozen logperch, the host fish for Southern combshells. Within a few minutes, he said, the fish would all have larvae clinging to their gills. Within a few weeks the larvae would have transformed into juvenile mussels that would drop to the bottom of the tank. For the next year or more they would be nurtured in a series of containers, the last one suspended in the pond out back, until they were big enough to be tagged and released.
Before Johnson's co-workers even begin to breed a mussel, they have to discover what host fish it needs. That can take years. For one mussel species, they had to try almost 70 different fish. At Kentucky's state-run Center for Mollusk Conservation in Frankfort, where Haag has his office, director Monte McGregor tells me how he sometimes avoids such hassles. He raises some mussel larvae in vitro in an incubator, feeding them rabbit serum or another substitute for fish blood. He did that with the purple cat's paw mussel, which had dwindled to scattered individuals in one Ohio creek. With the help of the U.S. Fish and Wildlife Service, McGregor's team brought as many of those mussels as they could find into captivity, "and then we reared the animals from there," he says. They've since released nearly 13,000 purple cat's paws into several streams, creating new populations.
Johnson doesn't have the resources for such techniques. His annual budget is no more than $600,000, less than the cost of a single incubator. Yet he and his colleagues, rattling around a sprawling and aging facility, have established new populations of at least four species of mussels, including orangenacre muckets. Success means showing that the captive-bred mussels are reproducing in the wild. That takes time, not just to breed the mussels but for their babies to grow large enough for biologists to detect them. "It's a 10-year process," Johnson says. With Southern combshells, they've been trying even longer. Destruction is easier than restoration.
Last fall Haag texted me a video of a mussel he had just seen in Kentucky's Rockcastle River. I recognized it right away: it was a pocketbook displaying its lure. In parts of the Rockcastle and in a few other streams, Haag said, he's seeing young mussels again. Some species may be coming back. In those same streams, the Asian clam population seems to have crashed, which may not be a coincidence.
But some species are now so rare that they won't be able to recover without help. In the fall of 2024 Amacker learned that his aquatic ecology group at TVA had been awarded a $3.4-million grant from the FWS to promote the recovery of six species of rare mussel, with the goal of getting them off the endangered list. Somehow the grant survived the 2025 transition to the Trump administration. The amount is "unprecedented" for mussel folk, Amacker says. Most of it is to be doled out to hatcheries like Johnson's and McGregor's.
One day last July I drove out to meet Johnson at Big Canoe Creek, less than an hour northeast of my home in Birmingham. The creek drains into the Coosa River--or rather into Neely Henry Lake, one of a series of reservoirs built by Alabama Power in the 20th century. The dams wiped out more than 30 species of snail and at least three species of mussel, probably more. "You wonder what was lost that never got recorded," Johnson said. But Big Canoe Creek remained a refuge. Johnson is now trying to reestablish the Coosa moccasinshell there.
He was accompanied that day by Brittany Barker-Jones, the FWS biologist responsible for the species, as well as by some local friends of the creek. One of them, Doug Morrison, manages a 422-acre nature preserve a few miles upstream that opened to the public in 2023. Morrison told me that in 2013 he had helped arrange for the FWS to dismantle an abandoned 19th-century mill dam around 100 yards upstream from where we stood. This stretch of the creek had since become prime habitat again for fish and mussels. All of this work, Johnson told me when we first met a few years back, is about people trying "to reclaim their watershed and improve their corner of the planet."
We waded upstream into a completely shaded section of the creek. Johnson and Barker-Jones located some tagged mussels they'd released in previous years. The rings on their shells showed that they'd undergone a pronounced growth spurt since leaving the hatchery.
Then we turned to the main task. Johnson and other biologists call it "releasing" mussels--they're wild animals, after all--but it feels more like planting. Johnson pulled out 322 Coosa moccasinshells in a blue net bag. They were about the size of almonds, shiny and oak-colored with greenish highlights. Barker-Jones carried a tray of them into the creek, followed by Granger Waid, a friend of the creek, and his 10-year-old daughter, Mary Grace. They began to move slowly downstream like sowers in a field, planting one mussel at a time--the biologist in her wetsuit, the dad in his camo hoodie, the little blond girl in her cutoffs.
Johnson and I took a turn, too. The water was rushing and pleasantly cold on that summer day as I dug gently with my fingers into the fine gravel. It was satisfying work--you just had to take care not to wedge the mussels into the streambed upside down, which might suffocate them. "Pointy side up, round side down," Johnson called out helpfully. Their future was in our hands.

Robert Kunzig is a freelance writer in Birmingham, Ala., and a former senior editor at National Geographic, Discover and Scientific American.
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Meet the fluffy, funky and fabulous native bees that call the U.S. home

Scientists estimate there are about 4,000 species of native bees in the U.S.--and they're both cooler and ecologically more important than honeybees

By Meghan Bartels edited by Andrea Thompson & Clara Moskowitz
[image: Portrait drawing of a woman surrounded by bees and plants.] Shideh Ghandeharizadeh



Spring has arrived in the U.S., bringing its bright spectacle of budding trees and migrating birds, along with more subtle but equally important changes--among them the annual emergence of native bees.
But "native bees" doesn't include the insect most of us picture when we hear the word "bee." That yellow-and-black-striped, hive-living, honey-making critter--formally Apis mellifera--hails from Europe. Farmers rely on these tiny imports as, essentially, livestock animals that pollinate food crops and produce honey. But their wild, native counterparts are something completely different.
"Take the majority of what you know about honeybees and throw it away," says Sydney Shumar, a biologist and manager of the U.S. Geological Survey's Bee Lab. "It does not apply to our native bee friends." To celebrate spring, Scientific American spoke with Shumar about North American native bee species' variety, differences from honeybees and importance in their ecosystem.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

[image: Frontal view of fuzzy bee face]A Martinapis luteicornis bee found in the desert in Cochise County, Arizona.

Amanda Robinson/USGS Bee Lab via Flickr



An edited transcript of the interview follows.
Do I have it right that there are more than 4,000 native bee species in the U.S.? How is that number so big?
The reason there are so many native bees is that you have all these different little things evolving to pollinate particular groups or species of plants. So they all have very different characteristics. When you look at pictures of our native bees, they look totally different than a honeybee, and you have huge ranges of color, size, how they collect pollen and how they nest.
[image: Profile view of bee with green head and thorax, and yellow and black abdomen]An Agapostemon sericeus found in Prince George's County, Maryland. The genus Agapostemon is full of bright blue or green, metallic-looking bees that are classified as "sweat bees," even though, unlike their relatives, they are not attracted to human sweat.

Wayne Boo/USGS Bee Lab via Flickr



What are they like, and how do they live?
There are no native bees in North America that live in a hive or produce honey. Most of them live in very small family units; you could think of it more like an apartment where you might have families aggregating together.
None of them produce honey; none of them produce wax; none of them make big structures like you would think of with a honeybee. Some are stem nesters. Most of them are ground nesters, so when you're walking around in the winter, you are walking on top of millions of ground-nesting bees that are just laying low until it's time for them to come out in spring.
[image: Profile view of pollen-covered bee]A Melissodes desponsa found in Maine. The species is closely associated with thistles and can be found across much of the eastern U.S. and Canada.

Dejen Mengis/USGS Bee Lab via Flickr



Is this true even in cities? Do they have preferences or types of ground that they need?
Many of our native bees are specialists, so they do like a certain type of soil; a couple particularly like sand. In cities and more urban areas, you have a lot of impervious surfaces, which makes it harder for them. But if you have loose soil, if you have native plants, you're most likely going to find native bees.
"If you go anywhere in the U.S., you are bound to find some native bees." --Sydney Shumar, U.S. Geological Survey's Bee Lab

Are there any U.S. ecosystems that don't have native bees, such as deserts?
No. We worked on a project on xeric habitats, and when you think of xeric, you think of dry; you think of nothing blooming, just arid. The researchers caught hundreds--hundreds--of bees. If you go anywhere in the U.S., you are bound to find some native bees.
[image: Close up view of fuzzy bee face]A Melitta eickworti found in Rockingham, Va. The species is a type of blunt-horn bee that specializes in pollenating deerberry shrubs.

Erick Hernandez/USGS Bee Lab via Flickr



Are there any groups or species of bees that you find particularly cool?
Besides all of them? I am very fond of squash bees. They're medium-size and very cute and fluffy. And as you might guess, they are squash specialists. They come out super early in the morning; you have to get there at first light. And if you have squash plants, then you most likely have them. The scientific name of the most widespread species is Peponapis pruinosa, and you'll find them just relaxing in a big squash bloom.
[image: Profile view of bee with red stinger]An Osmia atriventris found in Washington County, Maryland. The species is also known as the Maine blueberry bee, named for its special talent for accessing blueberry pollen. Blueberry flowers store pollen behind special pores that the bees vibrate open.

Brooke Alexander/USGS Bee Lab via Flickr



You mentioned that ground-nesting bees are underfoot all winter. What does a year in the life of a native bee look like?
With more than 4,000 species, they are not all coming out at the same time. You have some that emerge very early in the season, when the first spring ephemerals [long-lived plants that are only briefly active aboveground every year] start to bloom. In Maryland, that's typically around April. And then as you get the different flowers, you have this continuing crescendo of bees coming out.
[image: Bumblebee with a splash of reddish orange on its fuzzy abdomen]A Bombus rufocinctus bumblebee found in Yellowstone National Park. The species is fairly common and can sport a wide varieties of different color patterns, such as the red patch on this example, earning B. rufocinctus the common name red-belted bumblebee.

Colby Francoeur/USGS Bee Lab via Flickr



Usually you're seeing only a really small snapshot of a bee's life. Most of the time bees exist as eggs and as little larvae, and then they're in this weird grub form underground. And then they emerge as what we think of as bees, and that's when they are looking for food, finding a mate and continuing that cycle over again.
Typically a bee is out for only maybe a month or two. They are kind of fragile--they have very thin wings and very thin antennae--so when you catch one, you can kind of tell if it's been out for a little while. If it looks somewhat battered, it's been flying around and bumping into things and damaging its wings. Or if it looks pristine, you can guess that it's recently emerged or it's a little bit fresher than some of the other bees out there.
[image: Metallic blue bee]A sand-dwelling Augochloropsis sumptuosa found in the bootheel of Missouri.

Orr Uzan-Tidhar and Grace Schilling/USGS Bee Lab via Flickr



Do the larvae and grubs look really different from an adult?
They look more grublike, more caterpillarlike. If you were to see one, you definitely would not guess that it's a bee larva. A lot of our native bees are very tiny--but they're not baby bees. Baby bees actually don't look anything like the bees we think of. They don't have the three-segment body; they don't have six legs; they don't have wings; they don't have antennae.
[image: Fuzzy bumblebee with small wings close to head, resembling little ears]A Bombus affinis queen bumblebee found in Racine, Wis. The historical specimen was collected in 1965, before steep population declines led the so-called rusty patched bumblebee to be declared an endangered species in 2017.

USGS Bee Lab via Flickr



With honeybees, we see only females out and about. Is that the same with native bees?
With native bees, there are very seldom queens--bumblebees are the exception. But there are males and females. You do typically find more females than males, but you don't have the queens or male drones or those differences unless you are talking about the bumblebees. In general, most females and males do look a little different within the same species. Under a microscope, males have more coloration in the face or a bit more coloration in general. And they usually have longer antennae compared with females. The biggest difference of all, even in native bees, is that females have a stinger and males do not.
[image: Metallic emerald green bee]An Augochloropsis fulgida bee found in Lincoln County, West Virginia.

USGS Bee Lab via Flickr



Can humans get stung by them, then?
Technically yes. Now, the stinger is completely different from a honeybee's. It is not a barbed stinger, which means, one, it's not as painful, and two, the native bee would not die after you got stung by it. That's the mechanism that kills the honeybee: the barbed stinger gets embedded. [When the honeybee flies away, the stinger detaches, and the bee dies.]
A lot of the time, if people are stung by native bees, it's because they were handling them--actively netting them or trying to grab them. That happens often with our bigger native bees: bumblebees, carpenter bees, things of that size. Everything else has such minuscule stingers that they're lucky if it even breaks the skin, much less gets through their clothing.
Also, they're not very territorial. The main reason honeybees would sting you is that you're encroaching on the hive or they are resource guarding honey or flowers. Because native bees don't really have a hive to protect and also don't resource guard, you're a lot less likely to get in their way.
[image: Slender, dark bee with curved hind legs and translucent wings]A Coelioxys novomexicana found in California's Central Valley. The species is a parasite that lays its eggs in the nests of another group of bees called Megachile.

Erick Hernandez/USGS Bee Lab via Flickr



What do we know about how native bees are doing?
In general, native bee species are declining--and that is a result of habitat loss, pesticide use, more rural areas becoming urbanized, more impervious surfaces, and the like.
[image: Close-up of fuzzy male bee with black face and antennae visible]An Andrena obscuripennis bee collected in Georgia.

USGS Bee Lab via Flickr



If someone wants to start paying more attention to native bees, how easy is it to start learning to identify these insects in their area?
Bumblebees are the easiest to get started with, and there's tons of resources online. They're bigger, and typically you identify them based on the coloration of the hair on the back of the bee. So if one of them is just sitting on a flower, you can go up to it and figure out with decent certainty which one it is, depending on your region. In terms of the other groups, it's hard. You definitely need a microscope and access to a reference collection where someone who is an expert has already identified some groups.
[image: Side view of bee with extended proboscis, yellow-black striped body]An Anthophora affabilis bee found in Badlands National Park in South Dakota. The species is common and widespread in the western U.S.

USGS Bee Lab via Flickr



Is there anything people can do to help native bees around them?
The most well-researched and well-documented way of trying to introduce native bees to your area is to plant their habitat and plant their food source. It doesn't have to be anything crazy. Native bees are tiny--they're really small. So even if you have an apartment, if you have a little garden area or a pot, put some native plants in there, and I think you'll be astounded by what you wind up seeing coming to visit.

Meghan Bartels is a science journalist based in New York City. She joined Scientific American in 2023 and is now a senior reporter there. Previously, she spent more than four years as a writer and editor at Space.com, as well as nearly a year as a science reporter at Newsweek, where she focused on space and Earth science. Her writing has also appeared in Audubon, Nautilus, Astronomy and Smithsonian, among other publications. She attended Georgetown University and earned a master's degree in journalism at New York University's Science, Health and Environmental Reporting Program.
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What we risk when we confuse AI and human intelligence

Putting humans and LLMs head-to-head in classic tests of judgment from human psychology underscores the differences between them

By Walter Quattrociocchi edited by Daisy Yuhas & Allison Parshall
[image: A teenage girl logging into an online zoom class using her laptop to study from her bedroom at home.] Tom Werner/Getty Images



When you walk into your doctor's office, you assume something so basic that it barely needs articulation: the doctor has touched a body before. They have studied anatomy, seen organs, and learned the difference between pain that radiates and pain that pulses. They have developed this knowledge, you believe, not only through reading but after years of hands-on experience and training.
Now imagine discovering that this doctor has never encountered a body at all. Instead they have merely read millions of patient reports and learned, in exquisite detail, how a diagnosis typically "sounds." Their explanations might still feel persuasive, even comforting. The cadence would be right, the vocabulary impeccable, the formulations reassuringly familiar. Yet the moment you learned what their knowledge was actually based on--patterns in text rather than contact with the world--something essential would dissolve.
Every day many people turn to tools such as OpenAI's ChatGPT for medical advice, legal guidance, psychological insight, educational tutoring, or judgments about what is and isn't true. And on some level they know these large language models (LLMs) are imitating an understanding of the world they don't actually have--even if their fluency can make that easy to forget.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

But is an LLM's reasoning anything like human judgment, or is it merely generating the linguistic silhouette of reasoning? As a scientist who studies human judgment and the dynamics of information, I recently set out with my colleagues to address this surprisingly underexplored question. We compared how LLMs and people responded when asked to make judgments across a handful of tests that have been studied for decades in psychology and neuroscience. We didn't expect these systems to "think" like people, but we believed it would be valuable to understand how such tools differ from humans to help people evaluate how and when to use them.
In one experiment, we presented 50 people and six LLMs with a variety of news sources, then asked them to rate each source's credibility and justify their rating. Past research shows that when a person encounters a questionable headline, several things typically happen. First, the person checks the headline against what they already know about the world to decide whether it fits with basic facts, past events or personal experience. Second, the reader brings in expectations about the source, such as whether it is an outlet with a history of careful reporting or one known for exaggeration or bias. Third, the person considers whether the claim makes sense as part of a broader chain of events, whether it could realistically have happened and whether it aligns with the way similar situations usually unfold.
LLMs can often match human responses but for reasons that bear no resemblance to human reasoning.

LLMs cannot carry out these steps. To see what they do instead, we asked leading models to evaluate the reliability of news headlines by following a specific procedure. We instructed the LLMs to state the criteria they were using to determine credibility and to justify their final judgment. We observed that even when models reached conclusions similar to those of human participants, their justifications consistently reflected patterns drawn from language (such as how often a particular combination of words coincided and in what contexts) rather than references to external facts, prior events or experience, which were the factors that humans considered.
In other experiments, we compared humans' and LLMs' reasoning around moral dilemmas. When humans think about morality, they draw on norms, social expectations, emotional responses, and culturally shaped intuitions about harm and fairness. As one example, when people evaluate morality, they often use causal reasoning: They consider how one event leads to another, why timing matters and how things might have turned out differently if something had changed along the way. People imagine different situations through counterfactuals in which they ask, "What if this circumstance had been different?"
We found that a language model can reproduce this form of deliberation fairly well. The model provides statements that mirror the vocabulary of care, duty or rights. It will present causal language based on patterns in language, including "if-then" counterfactuals. But it's important to note that the model is not imagining anything or engaging in any deliberation; it is just reproducing patterns in people's speech or writing about these counterfactuals. The result can sound like causal reasoning, but the process behind it is pattern completion, not an understanding of how events produce outcomes in the world.
Across all the tasks we have studied, a consistent pattern emerges. LLMs can often match human responses but for reasons that bear no resemblance to human reasoning. Where a human judges, a model correlates. Where a human evaluates, a model predicts. Where a human engages with the world, a model engages with a distribution of words. Their architecture makes them extraordinarily good at reproducing patterns found in text. It does not give them access to the world those words refer to.
And yet, because human judgments are also expressed through language, the model's answers often end up resembling human answers on the surface. This gap between what models seem to be doing and what they are in fact doing is what my colleagues and I call epistemia: a situation when the simulation of knowledge becomes indistinguishable, to the observer, from knowledge itself. Epistemia is a flaw in people's interpretation of these models in which linguistic plausibility is taken as a surrogate for truth. This error happens because the model is fluent, and fluency is something human readers are primed to trust.
The danger here is subtle. It is not primarily that models are often wrong--people can be, too. The deeper issue is that the model cannot know when it is "hallucinating," because it cannot represent truth in the first place. It cannot form beliefs, revise them or check its output against the world. It cannot distinguish a reliable claim from an unreliable one except by analogy to prior linguistic patterns. In short, it cannot do what judgment is fundamentally for.
People are already using these systems in contexts in which it is necessary to distinguish between plausibility and truth, such as law, medicine and psychology. A model can generate a paragraph that sounds like a diagnosis, a legal analysis or a moral argument. But sound is not substance. The simulation is not the thing simulated.
None of this implies that LLMs should be rejected. They are extraordinarily powerful tools when used as what they are: engines of linguistic automation, not engines of understanding. They excel at drafting, summarizing, recombining and exploring ideas. But when we ask them to judge, we unintentionally redefine judgment--shifting it from a relation between a mind and the world to one between a prompt and a probability distribution.
What should a reader do with this knowledge? Do not fear these systems but instead seek a clearer understanding of what they can and cannot do. Remember that smoothness is not insight, and eloquence is not evidence of understanding. Treat large language models as sophisticated linguistic instruments that require human oversight precisely because they lack access to the domain that judgment ultimately depends on: the world itself.
Are you a scientist who specializes in neuroscience, cognitive science or psychology? And have you read a recent peer-reviewed paper that you would like to write about for Mind Matters? Please send suggestions to Scientific American's Mind Matters editor Daisy Yuhas at dyuhas@sciam.com.

Walter Quattrociocchi is a professor of computer science at Sapienza University of Rome. He studies complex systems and data science with a focus on human judgment, information dynamics and large language models.
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How two mathematicians created an equation that quietly runs the planet

The Diffie-Hellman key exchange secures everything from your text messages to government secrets

By Jack Murtagh edited by Jeanna Bryner
[image: Digital encryption conceptual illustration, with a keywhole in the cloud providing access to documents in a file cabinet.] Golden Sikorka/Getty Images



On October 30, 1942, a group of destroyer warships from the British Royal Navy hunted down a Nazi submarine near the Nile Delta. The warships pounded the submarine with underwater explosions until it floated to the surface, where it started filling with water and sinking. As its German crew scrambled to escape, three British heroes--Lieutenant Anthony Fasson, sailor Colin Grazier and 16-year-old canteen assistant Tommy Brown--did something that defied all instinct. They jumped from their ship onto the sinking vessel and climbed inside.
They were after the sub's most valuable cargo: not weapons, not prisoners, but books. The pages contained codes for tuning the Nazi "Enigma machine" that allowed the German forces to communicate in secret. Deep inside the flooding commanding officers' quarters, the men seized the volumes before the water-soluble ink dissolved into the sea. Only the teenager made it out alive. Less than two months later English mathematician Alan Turing's team of code breakers used the codes to decipher Nazi messages, an effort estimated to have shortened the war by two years, saving millions of lives.
Cryptography is the math of communicating in secret, and it's as high stakes as math gets. The submarine story and dozens more like it highlight a catch-22 that plagued cryptography for millennia: to speak in code, you must first agree on a code. If I want to send you a letter but distrust my mail carrier, I can encrypt my message with a cipher. Snoops won't be able to read it, but neither will you. If I send a follow-up note explaining the cipher, the mail carrier can intercept that, too--we're right back where we started. Called the key-distribution problem, this cryptography pitfall seems to imply that to establish a private communication channel, we effectively need privacy to begin with.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

This conundrum is why the history of cryptography reads less like a math textbook and more like a spy thriller. Lacking a mathematical solution to the key-distribution problem, the world relied on physical ones: clandestine meetings, armed couriers and occasional heists on sinking submarines. Then, in 1976, Stanford University researchers Whitfield Diffie and Martin Hellman proposed a solution that seemed to defy logic. Their method allowed two strangers to agree on a shared secret even when all their communications were out in the open for anybody to intercept and read. Their protocol, now known as Diffie-Hellman key exchange, has become a security workhorse of the modern Internet. Every time you check your bank balance, shop online, send a WhatsApp message or visit any "https" website, some version of Diffie-Hellman is probably securing the connection.
By the time of Diffie and Hellman, cryptographers knew how to encrypt documents by scrambling messages so they looked like gibberish to anyone who didn't possess a secret key consisting of a large random number. So the objective for Diffie and Hellman's scheme, including in present-day uses, is to generate a single large random number that only the sender and receiver know. With that number, they can use known methods to encrypt and decrypt messages.
Diffie-Hellman's critical trick relies on a mathematical "one-way function," an operation that is easy to perform but computationally infeasible to reverse. Consider Coca-Cola's famously secret formula. Mixing ingredients is easy, but even with access to the finished product, chemists have trouble reconstructing a perfect copy of the beverage. Here's how you and I can ensure that the secret chemical concoctions we cook up in our homes are identical to one another, assuming we are communicating only via mail with snooping postal workers inspecting our shipments:
	Public base: We agree on a common starting liquid, say, one liter of carbonated water mixed with a cola syrup. We announce this publicly, so eavesdroppers know the base liquid, too.

	Private mixtures: I choose a homemade cherry flavoring as my secret ingredient, and I tell no one about it. I mix it with the base liquid to make a cherry cola. You also choose a secret ingredient: a homemade vanilla flavoring. You mix it with the base in your kitchen to make vanilla cola.

	Exchange: We mail our mixtures to each other. Eavesdroppers are free to inspect them, but they probably can't unmix the liquids. Even if they detect cherry or vanilla, they cannot extract or identify the exact composition of the flavorings we used without investing prohibitive time and resources.

	Shared secret: I take the vanilla cola you sent to me and add the correct amount of my secret cherry flavoring. You take the cherry cola I sent to you and add your secret amount of vanilla flavoring.


Because the order in which we mix liquids doesn't matter, we end up with identical final beverages: cherry-vanilla cola. We now have a shared secret formula. Eavesdroppers have full access to the base liquid, my cherry cola and your vanilla cola, but no trivial combination of these liquids can create our exact formula. They could try to mix the cherry cola and vanilla cola, but the proportions won't be right. A vanilla flavoring-base liquid mix blended with a cherry flavoring-base liquid mix does not have the same proportions as the secret recipe, which is vanilla flavoring + cherry flavoring + base liquid. Note that we don't even know each other's private ingredients, yet we now share a common secret.
Instead of shipping sloshing liquids, computers use mathematical operations that are easy to compute yet difficult to reverse. Imagine that we publicly share some base number called b (akin to the carbonated water with cola syrup). Then I pick a secret number called n (my cherry flavoring), and you pick your own secret number called m (vanilla). I compute bn, and you compute bm. We send these numbers to each other (akin to our cherry cola and vanilla cola, respectively). I receive bm and raise that number to the nth power, whereas you receive bn and raise it to the mth power. Both actions result in the same number: bnm. So we have agreed on a final number without sharing our private numbers directly.
There's a problem with this method, however: if an eavesdropper sees the two numbers b and bn, that person could simply pull out a calculator and plug them into the logarithm function to compute the exponent n, blowing all the secrecy. Exponentiation (raising one number to the power of another) is not a one-way function, because logarithms (the inverse of exponentiation) are easy to compute. Diffie and Hellman's insight was that logarithms are not necessarily easy to compute for modular arithmetic, the math of remainders. If c and p are both whole numbers, then the expression c (mod p) is equal to the remainder after you divide c by p. For instance, if c = 15 and p = 12, then c (mod p) is 3 because 15 divided by 12 equals 1 with a remainder of 3. It's sometimes called clock math because we encounter it when we compute times. If it's 10:00 on a standard 12-hour clock, and then five hours pass, the time doesn't become 15:00. It wraps around the 12-hour circle to 3:00. When doing arithmetic with times, you always compute the result mod 12, and 15 (mod 12) is 3.
Diffie-Hellman's key-exchange method runs this kind of exponentiation protocol, with all the operations conducted in this way using a large prime number in the mod operation. Here's how it works:
	Public base: We publicly announce a prime number p and a base number b.

	Private computations: I pick a secret number n and compute bn (mod p), or the remainder after raising b to the power of n and then dividing it by the large prime number p. Separately, you pick a secret number m and compute bm (mod p).

	Exchange: We send the results of our calculations to each other. Eavesdroppers are free to inspect them.

	Shared secret: I raise what you sent me to the nth power, and you raise what I sent you to the mth power. We both compute the result mod p, or the remainder after dividing by that prime number. Our calculations will yield the same number: bnm (mod p), our shared secret.


Now eavesdroppers will have a hard time deducing our result, bnm (mod p), given the public information: p, b, bn (mod p) and bm (mod p). The task of deducing n when given b, p and bn (mod p) is called the discrete logarithm problem, and it's an entirely different beast from standard logarithms. For an intuitive sense of why, notice that the function 5x behaves in predictable ways as we plug in values for x: 52 = 25, 53 = 125, 54 = 625. As we increment x, the output grows by exactly five times. In modular arithmetic, the "wrapping around" adds a chaotic element that's much harder to understand. Here are the results using mod 17: 52 (mod 17) = 8, 53 (mod 17) = 6, 54 (mod 17) = 13. The outputs seem to bounce around randomly with no particular ties to their inputs. To the best of our knowledge, this aspect makes the discrete logarithm problem prohibitively time-consuming to solve when n, m and p are huge (in practice, n and m run about 80 digits long, and the prime p comes in at around 600 digits).
Diffie-Hellman rests on one of the few candidates that computer scientists have for a one-way function--an operation that is easy to compute but hard to reverse. Yet, remarkably, the difficulty of solving the discrete logarithm problem remains unproven. The fastest known method for solving it would take supercomputers many millennia to complete, and eavesdroppers don't have that kind of time. But perhaps people just haven't been clever enough to devise a faster solution. The whole of modern Internet security rests on unproven assumptions. Despite the trillions of dollars in banking transactions and government secrets protected by Diffie-Hellman, no hacker or intelligence agency has found a shortcut.
There is a looming exception, however. We know how to break it in theory with quantum computers. In 1994 theoretical computer scientist Peter Shor, then a researcher at AT&T, discovered an algorithm that exploits the strange properties of quantum mechanics to crack the discrete logarithm problem in hours rather than eons. The only thing preventing it is engineering. Humanity hasn't yet built a quantum computer stable and powerful enough to run the code. Conversions to "postquantum cryptography" are underway, but until they're complete, Diffie-Hellman will still protect your secrets.

Jack Murtagh is a freelance math writer and puzzle creator. He writes a column on mathematical curiosities for Scientific American and creates daily puzzles for the Morning Brew newsletter. He holds a Ph.D. in theoretical computer science from Harvard University. Follow him on X @JackPMurtagh
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DARPA's AI is built to call BS on wild weapons claims

The SciFy program tests whether adversaries' most outlandish scientific claims add up or fall apart

By Sarah Scoles edited by Eric Sullivan
[image: Conceptual illustration of an eagle with numbers overlapping its silhouette.] Richard Mia



In late 2022 Chinese researchers claimed something extraordinary: using today's relatively basic quantum computers, they could hypothetically unlock encrypted information--the kind that you might send from messaging app Signal or that spy satellites might beam groundward. Encoded, that information remains safe. But if quantum computers could crack that code, secrets would not stay secret. Obviously this is bad news for spicy Signal chats, but it would be worse news for the defense community.
In fact, experts said, the development would be disastrous--if it were real. But some of those same experts were skeptical. Was it hype? Bluster? Either way, the claim created fear that China's quantum and code-breaking capabilities at least could have sped past the U.S.'s.
This kind of fear does its own geopolitical dirty work, pushing the U.S. to chase scientific shadows--a distraction the military can ill afford while waging a war of choice with Iran.

On supporting science journalism
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No one wants that, especially not the country's premier military R&D organization, the Defense Advanced Research Projects Agency (DARPA). To assess the truth of scientific developments, it launched SciFy--the Scientific Feasibility program. Currently doing its first demonstrations, the program builds tools that can ingest a wild scientific claim and quickly call BS--or flag it as a breakthrough the Department of Defense should pay attention to.
DARPA's job, says SciFy program manager Erica Briscoe, is to prevent technological surprise by making sure American military tech always stays ahead of whatever else is out there. In fact, the agency was founded after the U.S.S.R. surprise-launched its first satellite, Sputnik, so that there would never be another Sputnik.
In some ways, then, SciFy is kind of a canonical program for DARPA. If its software tools work, they could evaluate whether rumors of a proverbial Sputnik are greatly exaggerated. "Feasibility goes beyond the commonly heard concepts of validation and replication," Briscoe says, "and really gets into this speculative space that is a bit of judgment and a bit of art."
SciFy's tools may also allow defense and intelligence agencies to predict whether and through what steps another country could, say, develop a code-breaking quantum computer in five years. "We might not think they have it, but we want to know how they might get there," Briscoe says.
Fear about adversary's code-breaking capabilities does its own geopolitical dirty work.

The AI-led analysis can also be prescriptive, revealing where to put military R&D dollars--something DARPA cares about. "If you're an organization like that, you're just trying to figure out, over all the range of crazy ideas out there in the world, what's going to be valuable," says Clayton Kerce of the Georgia Tech Research Institute, who is part of a SciFy team. In other words, in addition to calling BS, SciFy tools could give domestic out-there projects a green light.
Kerce's team is working toward that goal, building a set of tools called Farscape. Right now, he says, you can input a scientific claim, and the system will spawn AI agents that go gather relevant information, reason across that body of knowledge, rank the importance of evidence and construct a BS-or-green-light evaluation for the original claim. Farscape compares the results from those agents, synthesizes them and gives an overall rating.
The analysis involves, in part, Farscape's attempts to reason using thinking patterns similar to those humans use, such as deduction and induction. The reasoning bit is one of Kerce's interests as an applied mathematician, and it makes Farscape field-agnostic: it doesn't care whether you're asking about immortal batteries or impermeable armor. As an internal test, the team asked it to determine when Chinese chip manufacturers would be as good as the U.S.'s Nvidia.
Computer scientist Frank Ferraro of the University of Maryland, Baltimore County--a member of another SciFy team--thinks of the system his group works on like one of his hobbies: woodworking. "We approached it, at least from my perspective, that way," he says, "in terms of this balance between building out your shop, building out your tools that you have available, and then learning how best to use them."
That team has more than 25 people constructing their own tools. The overall system (the woodshop) can then decide which tools are most useful to bang against a specific claim. One tool--say, a hammer--breaks down a claim into its verifiable components. For instance, what if Rival Country A claims it has made armor out of a material that can repair itself? For that to be true, the material would need to be solid in the equatorial jungles as well as in the polar tundra. But maybe the scientific literature or a simulation of the material's properties says it would be a liquid on a tropical summer day. No liquid armor allowed; ergo, infeasible.
Right now DARPA, in collaboration with Johns Hopkins Applied Physics Laboratory, is evaluating the teams' work, putting it through a wringer of three "technical sprints." In the first, the teams were given 48 hours to have their AI assess scientific claims. Their results--and the reasoning behind them--were compared with analyses by human experts in the respective fields, a process that will be repeated in the final two sprints.
DARPA recently finished running the materials-science sprint and is in the midst of evaluating the results of a sprint about AI. After that will come quantum computing--all topics, Briscoe says, that are on the DOD's mind.
The assertions the groups had to evaluate can seem a little boring but have military relevance. For example, one read "fluorine-containing additives in a liquid electrolyte enable Li-ion battery chemistries to cycle up to 10 V"--meaning that adding a little something extra to a battery could, say, make drones lighter and able to fly farther.
In the recently concluded first sprint, all teams achieved "moderate" agreement with the human materials-science experts, which was DARPA's goal. On top of that, according to Kerce, sometimes the AI analysis led the experts to reconsider their views. "They changed their assessment 19 percent of the time," he recollects (DARPA is collating official numbers for the first sprint), because the AI was able to connect the dots between huge volumes of information that humans can't hold in their heads at once.
In the coming months, these teams will throw their AI at quantum computing claims, potentially like the one the Chinese researchers made--and, later, those same kinds of tools could tell the U.S. military how to develop its own quantum tricks without venturing into an unproductive sci-fi land.

Sarah Scoles is a Colorado-based science journalist and a contributing editor at Scientific American. Her newest book is Countdown: The Blinding Future of Nuclear Weapons (Bold Type Books, 2024).
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Science Crossword


By Aimee Lucido 
This crossword is inspired by the most recent issue of Scientific American. Read it here. Print readers, check your answers by selecting "Assist" above and then "Reveal Grid" or by selecting "Print" and then "Solution."
We'd love to hear from you! E-mail us at games@sciam.com to share your experience.

Aimee Lucido makes crosswords part-time for several outlets and writes trivia full-time for Bloomberg's news quiz, Pointed. She is also the author of several books for kids, including Emmy in the Key of Code, Recipe for Disaster, and Pasta Pasta Lotsa Pasta. Lucido lives with her husband, daughter and dog in New York.
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Adding the trendy supplement methylene blue to creatine may not help your body or brain

Creatine does help build muscle, but social media claims for methylene blue dye are way overblown

By Lydia Denworth edited by Josh Fischman
[image: Illustration of a muscular man pouring a powder into a bottle.] Jay Bendt



This article was made possible by the support of Yakult and produced independently by Scientific American's board of editors.
My husband, a fitness fanatic, drinks powdered creatine mixed in water every day. "There's good evidence it helps to build muscle," he tells me. I took up strength training two years ago, so I'm interested. But I'm also a science journalist, and I'm suspicious of claims about supplements, especially social media favorites such as creatine. Lots of supplement tests are poorly done, and the pills and powders are not held to the same standards as government-approved medications. I wondered what evidence Mark, my generally sharp-minded husband, was talking about.
It can be hard to separate fact from fiction in the torrent of information found online. "Some of the pseudoscience producers are very good at what they do," says Joe Schwarcz, professor of chemistry and director of the Office for Science and Society at McGill University. "They have learned to cloak themselves in the garb of science. They can sound very seductive, and they're very adept at misleading people and selling them stuff that nobody really needs." Right now, for instance, creatine is frequently mentioned along with methylene blue, a synthetic dye that--social influencers claim--boosts cognition and slows aging. It also turns your tongue blue.
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For creatine by itself, it's very likely that Mark is right and not being misled. Creatine is a naturally occurring compound in the body made of amino acids that helps to maintain energy in our cells. It is "like a backup battery" to adenosine triphosphate (ATP), the foundational energy source in every human cell, says exercise physiologist and nutrition researcher Richard Kreider of Texas A&M University. Even at rest, cells consume ATP, and they need more of it when they become more active. Creatine in cells is transformed into another molecule, phosphocreatine, and this compound is what acts to replenish ATP levels. "Creatine generates ATP very, very quickly," Schwarcz says. That is especially useful for explosive, demanding movements such as those of high-performance athletes.
There are decades' worth of studies showing that creatine supplementation builds strength and power. This research includes randomized controlled trials, the scientific gold standard for tying a particular cause to a specific effect. According to the International Society of Sports Nutrition, taking creatine increases the amount of phosphocreatine in the muscles and can improve performance. It may also help with recovery, injury prevention and rehabilitation.
More recent research suggests creatine might also be useful for nonathletes, although the benefits are clearer when us regular folks do strength training. Some studies have found benefits from creatine as a supplement for aging adults. It could help older people maintain muscle mass, Kreider says, and "keeping people with more muscle and stronger as they age is extremely important for longevity." And Schwarcz says a few trials have linked creatine to improvement in cognition. Creatine might limit the harm from ischemia--low blood flow that can reduce the oxygen supply in a critical organ such as your heart or brain--although not all studies show the same positive effects. "If I don't have enough oxygen in the brain or heart or tissues, that extra phosphocreatine provides a reserve, so I don't have as much damage from a concussion or from a stroke," Kreider says.
The body produces about half of the creatine we need every day. The rest comes from food such as red meat and seafood--or from supplements. Creatine powder is highly bioavailable: when ingested, its active ingredients reach the relevant cells ready for use. (Various other kinds of supplements reach cells only in low quantities.) Many people take two to five grams per day. For athletes, Kreider says the dose depends on age and weight and can be as much as 10 grams.
Even with all this good evidence of creatine's benefits, the Internet still gets some things wrong about it. Despite all the product types marketed out there, only one kind of creatine has been proved effective: powdered, pure creatine monohydrate. Claims for any other type have not been verified by research studies. There's also some negativity to dispel. Anecdotal reports of bad side effects from creatine, such as muscle cramping, have circulated around social media. But a review of 685 clinical trials involving 26,000 people found no significant increased risk of them.
Methylene blue, however, is "a totally different kettle of fish," Schwarcz says. It has a long history, but there is not yet good evidence that it is a cognitive aid to the average person. "There are no compelling human clinical trials that have shown any benefit," he notes.
One of the first synthetic dyes, methylene blue has been around since the 1870s. Early researchers discovered that it killed off malaria-causing parasites in people, so it is sometimes used in place of quinine. The dye is also a recognized treatment for methemoglobinemia, a rare blood disorder usually caused by an ingested drug or toxin.
The idea that the blue dye can boost brainpower comes from preliminary studies on methylene blue as a treatment for Alzheimer's disease; this research is based on the theory that the dye might combine with the tau proteins that are implicated in that disease. But most of that work is in animals, and the few studies of people are very small and show only tiny effects.
It's still possible methylene blue could be beneficial, but there is no proof yet, experts say. "It's quite interesting, but there's not enough there," Kreider says. Plus, it poses significant risks of side effects to anyone who takes antidepressants or certain other psychiatric medications.
I told Mark he was right about creatine as far as I--and science--could tell. And he graciously didn't gloat as he mixed more powder into a glass. But if I see any signs of blue on his tongue, it had better be the color of his mouthwash and nothing else.

Lydia Denworth is an award-winning science journalist and contributing editor for Scientific American. She is author of Friendship: The Evolution, Biology, and Extraordinary Power of Life's Fundamental Bond (W. W. Norton, 2020) and several other books of popular science.
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Poem: 'How I Became a Spitfire Pilot during My Cataract Operation'

Science in meter and verse

By Roger Camp edited by Dava Sobel & Clara Moskowitz
[image: Illustration of an eye with planes passing in front of the iris.] Masha Foya



For Lawrence J. Geisse, M.D.
Entering the operating theater,
 I climbed onto the gurney
resting my head
      on the mock headrest
a geisha dreaming
 on a woodblock.
The whine of the machine's descent
            distracted me
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the crosshairs locking in
 on its target
finding myself a fighter pilot
          inside a cockpit canopy.
An exhale of pressure,
 slight as a concubine
kissing an eyelid,
      followed by an ultrasound impact.
My lens spidered, a shattered windshield,
 each fragment of the cataract
dutifully vacuumed
       just as Dr. Ridley
tweezered the splinters of plexiglass
 from the Spitfire pilot's eyes,
an ace returning from the European theater
               of operations.
The lack of infection
 sparked Ridley's mind, the man who
would unmask the blind with his invention
               a plastic lens
uncurling inside the eye
 for all to see.
English ophthalmologist Harold Ridley, driven by the need to treat the novel injuries of World War II fighter pilots, pioneered the 1949 solution that earned him global recognition as "father of the intraocular lens."

Roger Camp of Seal Beach, Calif., is a poet, blues pianist, photographer and orchid enthusiast. When he's not at home, he's photographing in the Old World. His work has appeared in Spillway, Slant, North American Review, Pank, Southern Poetry Review and Nimrod.
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After all these years, the Hubble Space Telescope is still awesome

The venerable Hubble observatory is going strong despite its decades in space and the advent of next-generation successors

By Phil Plait edited by Lee Billings
[image: Image shows the Hubble Space Telescope being deployed.]The Hubble Space Telescope was deployed by space shuttle Discovery on April 25, 1990.

 NASA



On April 24, 1990, humanity launched a scientific revolution.
I mean "launched" literally: on that date the space shuttle Discovery roared into the sky with the Hubble Space Telescope nestled in its cargo bay. The telescope was on a mission destined to forever change our view of the universe.
Hubble wasn't the largest telescope ever--its 2.4-meter mirror is actually considered small these days--but being above the atmosphere gave it superpowers. Our air boils and roils, blurring the views from ground-based instruments. It glows, too--dimly but enough to limit how faint an object astronomers can see. And our air absorbs most ultraviolet and infrared light--interesting wavelengths, cosmically speaking. Getting up, up and away from all that atmosphere made Hubble one of the most important telescopes ever built.
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It revolutionized astronomy. Hubble saw objects fainter than had ever been observed before. The telescope homed in on the speed of universe expansion, watched weather changes on the outer planets and proved that every big galaxy has a supermassive black hole at its heart, just to name three amazing feats off the top of my head. The major breakthroughs and discoveries that came out of this magnificent satellite are so numerous, really, that even listing them here would be excessive (and a bit tedious, if incredible astronomical exploration could ever be tedious).
Yet despite these successes, I see a lot of chatter online (and even in the news) somewhat cavalierly dismissing Hubble, saying NASA's James Webb Space Telescope (JWST) is Hubble's "replacement." That's not just unfair; it's wrong. JWST was never intended to supplant the Hubble telescope, and in fact it can't, given that it was designed for very different observations.
Hubble is optimized to observe the universe in visible light, the kind of light we see with our eyes. It can also detect some wavelengths in the ultraviolet and infrared ranges, but Hubble can't see most of those parts of the spectrum. JWST detects infrared light at much longer wavelengths, where different astrophysical processes dominate.
If JWST lasts as long as Hubble, I'll be happy to see it still peering at the infrared sky in 2057.

JWST is a much larger telescope, true. It has a 6.5-meter-wide mirror, so it collects about seven times as much light as Hubble. In general, a bigger mirror also means higher resolution, or a better ability to see fine details. Yet that also depends on the wavelength observed, and in fact, at their respective best, Hubble beats out JWST by a smidgen. But that's not really the point; both are exceptional telescopes that are at the forefront of the types of observations each can do.
Understanding Hubble's power in visible light serves to underscore one key field where JWST's infrared vision exceeds it: glimpsing the universe's first galaxies.
Hubble's deepest observations showed that there was an unexpected richness of galaxies in the distant universe, but the telescope has a limit. The more distant a galaxy is, the more redshifted its light becomes as cosmic expansion sweeps the galaxy farther away from us. At some point the bulk of the galaxy's light is emitted in infrared, where Hubble cannot see it--but where JWST is able to see keenly. That is why the newer observatory has been so prolific in breaking distance records and giving us unprecedented views into the early universe.
[image: Two astronauts conducting a spacewalk alongside the Hubble Space Telescope. The sunlit edge of Earth is visible in the background.]Two NASA astronauts perform upgrades on the Hubble Space Telescope high above Earth during a space shuttle servicing mission, STS-109, in March of 2002.
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There is an irony here. The idea for a space telescope was first proposed by astronomer Lyman Spitzer in 1946, and in the 1960s astronomer Nancy Grace Roman began advocating for NASA to build one--she later became known as the "mother of Hubble," and a space telescope planned for launch this year is named after her. Delays and budget overruns plagued the Hubble project, however, and in the end it wound up costing more than $10 billion and launching much later than originally planned. The same thing happened with JWST; initially proposed to cost less than $1 billion and launch by 2004, its final cost was also about $10 billion, and it didn't go up until 2021. In this way, both telescopes have a similar history.
From a different point of view, though, their history is extremely different. Hubble launched with a flawed mirror, one just a micron or two too flat at the edges--far less than the thickness of a human hair but more than enough to ruinously blur the telescope's vision. I remember those fuzzy years well: during my Ph.D. research, I spent quite a bit of time working with software that mathematically corrected some of Hubble's out-of-focus images. Thankfully this problem was bypassed with the launch of corrective optics in 1993, and later instruments had built-in corrections to make sure observations were focused.
Few people today seem to even know about that difficult time (there were congressional hearings looking into NASA's mistake!), and many now focus only on Hubble's success. And that's fine, I suppose, as long as the lessons learned prevent similar screwups in subsequent space telescopes.
In JWST's case, they mostly did. That $10-billion figure I gave is only half right; when the costs of that telescope are compared with Hubble's in inflation-adjusted dollars (especially if you factor in the costs of Hubble's servicing missions by space shuttle, which you should), the much larger JWST is actually cheaper despite its delays and technical woes. And of course, all that money bought a telescope that performed nearly flawlessly from the start, even after a seemingly impossible Rube Goldberg-esque series of steps to get it operational in space.
JWST's primary mission was planned to go on for more than five years, a time point it will reach in 2027, but its expected lifetime is at least 20 years thanks to careful management of its onboard supply of fuel. Note that Hubble's primary mission was meant to last only 15 to 20 years, and it's now in its 36th year in space. It's made more than 1.7 million observations since launch, too.
So Hubble is hardly obsolete. In terms of cameras, instruments and even its solar panels, it's much better now than when it launched. Admittedly, its aging gyroscopes, necessary to keep the observatory pointed accurately, have had numerous mission-plaguing failures. But engineers on the ground have found ways to squeeze every last drop of efficiency from Hubble's sole operating gyro.
NASA has a habit of making its missions last much longer than their nominal lifetime. The Chandra X-ray Observatory is in the 26th year of its five-year mission, the Spitzer Space Telescope lasted for 11 years past its "use by" date, and the Fermi Gamma-ray Space Telescope is still operating after twice its original mission time.
If JWST lasts as long as Hubble, I'll be happy to see it still peering at the infrared sky in 2057. Hubble may be long gone by then, but we hope we'll have other grand observatories in space at that time, not so much replacing it as carrying on its legacy.

Phil Plait is a professional astronomer and science communicator in Virginia. His column for Scientific American, The Universe, covers all things space. He writes the Bad Astronomy Newsletter. Follow him online.
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Mathematicians created an 'impossible' shape that shouldn't exist

Scientists have designed a new kind of paradoxical shape

By Clara Moskowitz & Robert Ghrist edited by Jen Christiansen & Clara Moskowitz
[image: A rectangle is filled with lines of cubes creating paths at right angles and ladders through the space.] Robert Ghrist



An impossible object is something that looks realistic when drawn but can't exist in real life. Dutch artist M. C. Escher is famous for depicting, for instance, staircases and waterfalls that are impossible to build in three dimensions. Many of Escher's works are based on constructions by British mathematicians Roger and Lionel Penrose, such as the Penrose triangle and Penrose stairs, which they published in the 1950s.
[image: Three impossible figures are shown. The first two are variations on what is generally known as a Penrose triangle: a three-sided geometric shape made of rectangular beams that appear to connect in a continuous loop. The third is a Penrose staircase: a drawing of a continuous loop of steps that appear to ascend or descend forever. All are optical illusions that defy real-world geometry.]Robert Ghrist



Now mathematicians Robert Ghrist of the University of Pennsylvania and Zoe Cooperband of the U.S. Naval Research Laboratory have created a mathematical classification system for visual paradoxes. These objects, they explain, are locally but not globally consistent. A ladybug walking along a Penrose staircase, for example, will feel like it has climbed a full set of stairs, yet it will have returned to the same height it was at when it started. "The essence of a paradox is: you walk around a loop, and something has changed," Ghrist says. "It's a mismatch between where you are and where you thought you were."
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Ghrist and Cooperband used their framework to invent an impossible object that breaks reality in novel ways. It starts with a variant of the Penrose staircase. A bug walking around the blue path in the graphic, for instance, will feel like it is traveling a level course, but if it takes the ladder connecting two opposite sides, it will feel as if it has climbed to a new height. Both courses are locally consistent but globally inconsistent.
[image: A rectangular blue path is created by a series of blue cubes, placed as if they were stepping stones, and settled into apparent three-dimensional space. A tower of pink cubes connects two of the rectangle's sides.]Robert Ghrist



The researchers then imagined rearranging this rectangular path into a line and pasting it onto a cylinder so that the left-hand side connected to the right-hand side. In that case, a bug that walked to the right from its starting point would find itself exactly back where it started.
[image: Within a rectangular plane, a blue path is created by a series of blue cubes, placed as if they were stepping stones, and settled into apparent three-dimensional space. A staircase of pink cubes connects two blue segments, creating an illusion of a height change. Next to that schematic, a cylinder is shown with a ladybug making a full circuit and ending up where it started.]Robert Ghrist



The scientists further imagined winding the path like a Mobius strip--a form one can make by twisting a strip of paper and attaching the two ends. A bug that traveled to the right from its starting point would find that after it completed the loop, what it once considered right side up had changed.
[image: The schematic setup is very similar to the preceding image. Next to that schematic, a mobius strip is shown with a ladybug making a full circuit and ending upside down, underneath is its original position.]Robert Ghrist



This path forms the basis of the new impossible shape, which is a continuous multilevel staircase modeled on a shape called a Klein bottle, invented by German mathematician Felix Klein in 1882.
[image: A rectangle is filled with lines of cubes creating paths at right angles and ladders through the space. Paths touch--and apparently extend off--all four sides of the rectangle.]Robert Ghrist



In the impossible Klein ladder, a bug's orientation flips when it crosses a vertical edge, just as it does in the Mobius strip. A ladybug can make a horizontal loop from its starting point by moving up a ladder, across a pathway, up another ladder and across a vertical edge. When the bug has finished the loop, it is upside down relative to the way it started (a).
[image: The schematic in the previous image now hosts a ladybug. Arrows show its path as described in the text.]Robert Ghrist



When the ladybug makes a vertical loop and crosses a horizontal edge, however, its orientation stays the same, just as on the cylinder. To make this kind of loop, the bug will start again at the same spot, move up one ladder, then head left to cross over the horizontal edge, completing the loop without having made any flips (b).
[image: The base image is repeated, this time with arrows showing a different path for the ladybug, as described in the text.]Robert Ghrist



The grid below represents the "unwrapped" perceptual space that our ladybug experiences; flips are factored into the tiling by reflections. If the ladybug is in the center column, it's not flipped. If it moves horizontally into the leftmost or rightmost column, it has reflected and become flipped--the meaning of "up" becomes reversed. The black cubes all mark the "same" starting point with an unknowable absolute height and orientation.
[image: The rectangle of paths shown in the previous three images is now tiled into a grid of three by three. The central column is stacked. The paths continue seamlessly from tile to tile. The left and right columns mirror the central column. The central column is labelled "up is up." The left and right columns are labelled "down is up."]Robert Ghrist



Consider a ladybug that makes both a horizontal and a vertical loop in this space. The order of those loops is important. In scenario 1 (yellow), the ladybug does a horizontal (reflecting) loop first (a), then a vertical loop (b). The result: it climbs up two ladders, then its orientation flips and it climbs "up" a third from its perspective. But from the outside it seems it has really climbed down. In scenario 2 (green), the ladybug does a vertical loop first (b), then a horizontal (reflecting) loop (a). The result: it climbs up three ladders to get back to what it perceives to be the same spot it started in.
[image: The previous tiled image now hosts a ladybug. Arrows show two path scenarios, as described in the text.]Robert Ghrist



This new shape is the first impossible object for which such ordering produces different outcomes--a property called nonabelian. "We deal with nonabelian things all the time in math," Ghrist says, "but it's never been seen in a visual paradox before."
Discussions

We're looking to host the most interesting science conversations on the web for this topic.




Clara Moskowitz is chief of reporters at Scientific American, where she covers astronomy, space, physics and mathematics. She has been at Scientific American for more than a decade; previously she worked at Space.com. Moskowitz has reported live from rocket launches, space shuttle liftoffs and landings, suborbital spaceflight training, mountaintop observatories, and more. She has a bachelor's degree in astronomy and physics from Wesleyan University and a graduate degree in science communication from the University of California, Santa Cruz.

Robert Ghrist is a mathematician at the University of Pennsylvania. He works in applied algebraic topology and creates animations and visualizations of mathematics.
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May 2026: Science History from 50, 100 and 150 Years Ago

Synchronous fireflies; Grand Canyon fossil footprints

By Jeanna Bryner 
[image: Historical photo of King Tut's coffin.]1926, King Tut's Golden Coffins: "Within the burial chamber hewn from the solid rock, Tut-ankh-amen's mummy was protected by many enclosures of wood, stone and gold. First came three large wooden, box-like shrines, one within the other. These were removed to reveal a great sarcophagus of yellow quartzite with a granite lid."

 Scientific American, Vol. 134, No. 5; May 1926



1976
Synchronous Fireflies
"Many of the familiar fireflies that flit over our lawns in summer are called roving fireflies because the males fly about singly, searching for females perched in low vegetation. The male flashes rhythmically, and when a female flashes in response, the two fireflies begin a courtship involving a series of alternating flashes that lead the male to the female. For 300 years explorers and naturalists have reported another kind of firefly behavior, seen in the region stretching from India to the Philippines and New Guinea. There the fireflies gather in trees in dense swarms, and the males flash on and off in the same rhythm.

On supporting science journalism
If you're enjoying this article, consider supporting our award-winning journalism by subscribing. By purchasing a subscription you are helping to ensure the future of impactful stories about the discoveries and ideas shaping our world today.

"Observers have marveled at the beauty of the synchronous flashing, but beauty alone does not explain the persistent fascination of the displays. What has been irresistible to many are the questions of how and why. How is it possible for thousands of fireflies to coordinate their flashing so exactly, cycle after cycle, and why do they do it? We hope to show that the questions are linked, in the sense that one cannot understand the why of synchronous flashing without understanding the how."
1926
Nature Faking
"When the late Theodore Roosevelt directed a well-aimed and perfectly logical blow at 'nature faking,' he rendered to popular natural science one of the most distinct services. But this sort of warfare must be continued, for the nature fakers still exist in growing numbers. Even the renowned Jean-Henri Fabre, who has been more lauded and quoted than any other nature writer of a foreign country, could not refrain from errors due to supposition and incomplete observation, one of which--namely, the intended puncture of the central ganglia of spiders by the captor wasp for the purpose of paralyzing--has been shown to be a fallacy. These cases, however, in which the carefully investigating naturalists are remiss, come from closely related facts and are not born entirely of the desire to relate wonders and unheard-of things."
Read more about popular fallacies--such as birds being charmed by snakes--that grew out of pseudo-scientific nature lore in the May 1926 issue.
Fossil Footprints from the Grand Canyon
"Tracks of extinct animals, at least 25,000,000 years old, have been discovered in the Grand Canyon of the Colorado River. They are so remarkably well preserved that they have been prepared as a permanent exhibit on the Hermit Trail in the Canyon, to teach a lesson as to the great antiquity of the animal life that once roamed over these ancient sands millions of years before the Colorado River had excavated the deep canyon in which it now flows. The fossils of the Hermit Trail occur in a fine-grained sandstone of Permian age, the period after the Carboniferous or principal coal-forming period.
"One of the sandstone slabs that was excavated bears footprints of a new species; the creature was apparently a short, squat quadruped with a wide body and was evidently slow of movement, as indicated by the short stride."
1876
Reclaiming the Steppes
"In the Russian empire lies an immense basin, depressed below the level of the ocean. This basin holds the Caspian Sea, and into it also flow the great rivers Ural and Volga, which drain a large portion of central Russia. Over the ages, the rivers have carried down soil and formed vast deposits which have encroached upon the sea, contracting its dimensions and elevating its bottom so that large vessels can no longer traverse it.
"As the sea diminished in size, so did the supply of watery vapor in the adjacent atmosphere; with less moisture, the land nearby has gradually changed into a desert. To reclaim this desert and restore it to its former state of fertility is the object of a gigantic engineering project that involves the connection of the Caspian with the Black Sea by means of a canal. The lead engineer estimates that in 40 years the levels of the two seas would be so nearly the same that the channel between them would be navigable and the fertile system would appear once more."
[image: Three archival covers of Scientific American from May 1976, 1926 and 1876.]


Jeanna Bryner is executive editor of Scientific American. Previously she was editor in chief of Live Science and, prior to that, an editor at Scholastic's Science World magazine. Bryner has an English degree from Salisbury University, a master's degree in biogeochemistry and environmental sciences from the University of Maryland and a graduate science journalism degree from New York University. She has worked as a biologist in Florida, where she monitored wetlands and did field surveys for endangered species, including the gorgeous Florida Scrub Jay. She also received an ocean sciences journalism fellowship from the Woods Hole Oceanographic Institution. She is a firm believer that science is for everyone and that just about everything can be viewed through the lens of science.
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Shifting Swift

Since its launch in 2004, the Swift Observatory has fallen about a third of the way back toward

Earth. NASA scientists hope to move it back nearly to its original altitude, but to maximize their
odds of success they must do so before the spacecraft falls another 100 kilometers, at which
point atmospheric drag is likely to overpower the spacecraft and send it tumbling down to Earth.
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The Allure of Freshwater Mussels

Unlike thelr marine ancestors,freshwater mussels don't set theirlar
adrift. They parasitize fish: the larvae clamp on to a fish' il feed on ts
blood, then drop to the riverbed once they've matured. Femalo mussels
have evolved many ways of delvering preferred host.
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