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Living creatures press up against all barriers: they fill every possible niche all the world over… We see life persistent and intrusive – spreading everywhere, insinuating itself, adapting itself, resisting everything, defying everything, surviving everything.


SIR JOHN ARTHUR THOMSON, 1920
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The plastic dish is etched with a criss-cross of scratch marks, each catching the light like threads of spider silk on a damp and sunny morning. Snot-green clouds float by and then return, all moving together as if connected by an invisible force. One morning in September, I’m sitting in a laboratory at the University of Plymouth, looking at the contents of a Petri dish through a microscope. I turn the knob to adjust the focus, zoom in and out with the one that sets the magnification. Within a thin layer of spring water, there is a healthy population of tiny animals that I have come to see, each less than a quarter of a millimetre in length. They are also transparent. I rotate the dish and watch as the green clumps of algae jolt one way or the other at the slightest touch. Every movement is magnified. I make sure the scratches are in focus as these are what the animals cling to with their tiny, bear-like claws.


I can only see algae, the snot-green food. I feel a little bit like the young boy in Jurassic Park who peers through his fancy binoculars, hoping to see a T-rex, but only sees a goat chained to a pole.


After a few minutes of turning and scrolling, I start to wonder whether there are any animals in here at all.


Ellis Moloney, a PhD student here at the University of Plymouth, picks up my Petri dish between thumb and index finger and places it onto his microscope. ‘There are loads in here,’ he says excitedly, then quickly reassures me that his undergraduate students struggle to find them too. A child who grew up fascinated with the strange life of the deep sea, of transparent comb jellies and wide-mouthed gulper eels, Moloney has a habit of focusing on places other people might find lifeless or boring. When I met him, he’s wearing a Pearl Jam T-shirt, light-brown cords and sporting a ginger-blond moustache. He is slight-framed but has an unexpectedly booming voice. He also swears a lot, both when discussing his laboratory animals – ‘they f***ing die all the time’ – to when he’s awestruck by the magnificence of nature: ‘those deep sea worms that are taking in all the f***ing sulphur from hydrothermal vents or whatever, and they’re loving it’.


He hands the dish back to me and I soon find them, guided by his description and the fact that they are definitely there to see. A small worm-like blob, reminiscent of a caterpillar but quite unlike anything I’ve seen moving through soil or over a leaf, peacefully bumbling over a piece of brown sand. It rocks from side to side, pulses up and down, and makes me think of someone trying to swim in a pool of beach balls. This is Hypsibius exemplaris, a species of tardigrade. Also known as water bears, these microscopic animals have become famous for their ability to endure inhospitable conditions. Animations and videos of these tiny critters amass millions of views online. As one such video states, they have become the ‘celebrity of the microcosmos’.1 This is undoubtedly a result of their superhero-like abilities to withstand unimaginable extremes – freezing to near absolute zero, boiling heat, pulverizing radiation, the vacuum of space – that would kill a human in seconds to minutes. But there is another, equally important, reason for their fame: they are damn cute.


This quality has been recognized for nearly as long as we’ve known about tardigrades. Writing in his 1861 book Marvels of Pond Life, Henry James Slack made this important contribution to science: ‘a little puppy-shaped animal very busy pawing about with eight imperfect legs, but not making much progress with all his efforts… a very comical amusing little fellow he was.’ Looking through my microscope lens, I can’t see in enough detail to fully appreciate the puppyishness of this particular tardigrade. But I know it’s there. With rounded backsides, flattened faces, a way of moving that is so awkward as to look childish, water bears are more reminiscent of teddies than grizzlies.


Surprising, then, that such a squishy and microscopically cuddly animal would turn out to be so extraordinarily tough. Again, the supernatural powers of tardigrades have been known for a long time. As one tardigrade enthusiast, a priest living within a religious community at Techny, Illinois, noted in 1938, they have an ‘extraordinary force of resistance’, surviving half an hour in boiling water, seven months of freezing at −200°C in liquid helium, pressures of 1,000 atmospheres (think Mariana Trench), intense radiation (UV, radium and X-rays), as well as a range of toxic gases. Captivated, the priest concluded that it was ‘impossible as yet to state what does eventually destroy their lives’. More recent studies have replicated this early work, demonstrating that water bears can endure temperatures that are just a smidge above absolute zero (−273.15°C), the lowest temperature possible and a state in which molecular motion of any kind stops. At the opposite extreme, temperatures of 151°C don’t kill these creatures (although there are exceptions, with some species being quite sensitive to heat). Radiation levels a thousand times the lethal dose for a human can be shrugged off as if it were a bit of sunburn.


Their powers for survival are truly out of this world. In September 2007, tardigrades were sent into space inside a thick metal capsule known as Photon-M no. 3, a sphere of metal that opened as they entered low-earth orbit (250 to 290 kilometres above the ground). Exposed to the vacuum of space – its extremely low pressures, freezing temperatures and unfiltered UV radiation – they travelled around the world at 7.8 kilometres per second and encircled the globe 192 times. On 26 September, the capsule entered Earth’s atmosphere as a ball of flame, all the animals on board protected by a thick, 12-kilogram heat shield. After a final parachute to the ground, it was collected by helicopters and transported back to the Netherlands where the European Space Agency is based. In a sterile environment, at the hands of a silicone-gloved scientist, it was found that the tardigrades were largely unaffected by the vacuum of space, a deadly mix of low pressure and anoxia (no oxygen). Only when they were exposed to the full spectrum of cosmic radiation (UV-A, UV-B and ultraviolet) did they show significant mortality. Even in the harshest treatment group, however, a few hardy members of Milnesium tardigradum survived. ‘Our results… represent the first record of an animal surviving simultaneous exposure to space vacuum and solar/galactic radiation,’ wrote Ingemar Jönsson, professor of theoretical and evolutionary ecology at Kristianstad University in Sweden, and his colleagues in 2008. How they were able to not die, they added, ‘remains a mystery’.


The tardigrade’s powers of survival have become so renowned and respected that, in 2017, physicists from the University of Oxford and Harvard University used these animals as the ultimate marker of the apocalypse. ‘For complete sterilisation [of the planet],’ they wrote, ‘we must establish the necessary event to kill all such creatures.’ In their paper published in the journal Nature’s Scientific Reports, the authors calculated that only an asteroid of similar size to the two largest asteroids known in our solar system – Vesta and Pallas, both a thousand times heavier than the asteroid that wiped out the non-bird dinosaurs – would have the potential to destroy these animals. More than this, the paper – entitled ‘The Resilience of Life to Astrophysical Events’ – concluded that once life begins on a planet, it is likely to endure. Tardigrades are just one extreme example of life’s resilience. ‘Even the complete loss of the atmosphere would not have an effect on species living at the ocean’s floor,’ they wrote. ‘Impact of a large asteroid could lead to an impact winter, in which the surface of the planet receives less sunlight and temperatures drop. This would prove catastrophic for life dependent on sunlight, but around volcanic vents in the deep ocean life would be unaffected.’ We will meet the inhabitants of these hydrothermal ecosystems in Chapter 7.


And what about the current catastrophe for which we are responsible? How might a tardigrade fare in a warmer, more unpredictable world? In 2021, one experiment simulated the projections of climate change and found that tardigrades were impervious to the hotter, drier conditions in which they lived. Even up to the 5.5°C ‘worst scenario’ of warming that the Intergovernmental Panel on Climate Change includes in its models for the year 2100, there were no effects on the diversity or abundance of tardigrades living in the outdoor facility in Duke Forest, North Carolina. Able to endure rapid changes in temperature and aridity, they seem to be one of the few climate change-proof animals.
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Through their sheer indifference to environmental change, tardigrades are a lesson in an oft-forgotten fact about life on Earth: it is resilient. Surviving through five mass extinction events – one in which 96 per cent of oceanic life died – it takes more than a frozen world, poisonous oceans and an asteroid the size of Manhattan slamming into modern-day Mexico to end its reign on this planet. As an all-encompassing biological entity, life is very hard to kill.


Surviving day-to-day requires resilience. But endurance over the ages is only possible with ingenuity – finding new ways of living, whether it’s adapting to novel food sources such as the radiation released from an unstable atom or inhabiting places that are so inhospitable that few other creatures can live there.


While tardigrades can endure unimaginable hardships and wait for conditions to improve, there are other characters in this book that depend upon extremes to thrive. In the ocean’s depths, seven kilometres below the traffic of ships, there are ghostly fish that thrive in pressures that would crush our lungs and cause our blood vessels to burst. In sun-baked sand dunes around the world, heat-loving ants sprint from their nests only when the temperature has become lethal to every other animal. In the icy waters of the Southern Ocean, vast colonies of fish flourish in temperatures nearly two degrees below freezing. Inside the exclusion zone of Chernobyl, fungi feed on the reactor that exploded in 1986.


In our hubris (and anthropocentrism), we have dared to call a place lifeless, only to find some of the densest ecosystems open up before us. We have set limits on the temperatures of habitability, only to find these thresholds smashed. All animals breathe oxygen, we claimed, only for scientists to discover animals at the bottom of the Mediterranean Sea doing just fine without it. And when we think that all life depends on the sun (like we do), entire ecosystems are revealed that have as much use for sunlight as we have for hydrogen sulphide.


Water, oxygen, food, freezing, pressure, heat, darkness and radiation – this is our journey through extreme environments, places where fundamental requirements for life are either absent or in excess. These places on Earth act as portals into distant planets and moons that were once thought to be inhospitable but now excite astrobiologists looking for life beyond Earth. The adaptations to environmental stressors also provide insights into treating human disease and the preservation of cells and organs. But as we switch between different, sometimes opposing, stressors, the central theme of the book – resilience and ingenuity – guides us.
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The concept of a ‘niche’, a place where an animal lives, feeds, reproduces, competes and dies, is central to the discussion of extreme environments. Why would any animal find itself in a place without oxygen, without food, bathed in intense radiation? It’s because their survival isn’t just a case of their environment (the ‘abiotic’ factors such as temperature, elevation, climate) but also the threat of predation and competition (the ‘biotic’ factors). When the concept of the niche was introduced to ecology, its central tenet was that no two species can inhabit the same niche. As the ecologist Joseph Grinnell wrote in his 1917 study of the Californian thrasher, a grey and unremarkable bird that scours dry soil for insects and hops onto branches to pick at berries, ‘It is, of course, axiomatic that no two species regularly established in a single fauna have precisely the same niche relationships.’ Put another way, every organism requires a unique place in the world. Survival and endurance depend upon being different.


This drive for a unique way of life has been the driving force behind evolution’s continual move towards the extreme. From the first microbe to evolve in the depths of an ancient ocean, life has extended its reach into new frontiers, harnessed the power of the sun, moved onto land, flown into the skies and sunk into the deepest trench. There were always places where no predator could follow, no competitor could compete, at least for a time. Guided by changes in the Earth’s atmosphere and the movement of the continents, life unfurled into every open space and every crevice; a once boring world was inoculated with wonder.


There’s no scientific term for life’s pull towards the extreme. Writing in his 1957 book The Immense Journey, the anthropologist and science writer Loren Eiseley tried to capture this tendency as an emotional tug, ‘life’s eternal dissatisfaction with what is’. This ‘persistent habit of reaching out into new environments’, Eiseley wrote, has allowed life to adapt to ‘the most fantastic circumstances’. Evolution is, by necessity, adventurous. Or, as Dr Ian Malcolm put it in Jurassic Park, ‘Life finds a way.’
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Since I was a child, I have found solace in nature, spending as much time as I could on the old dial-up internet to learn about animals that lived on distant continents or in past geological eras. I was a typical boy growing up in the 1990s, obsessed with dinosaurs, big cats and the nature documentaries of David Attenborough. But, unlike for many of my peers, this interest never dwindled. It only deepened. I realize now that it has been my escape from a world that is often as confusing as it is unpredictable. In 2021, a time of COVID infections and extreme weather events, I found myself turning to those creatures that can endure the harshest environments, researching their endurance and resilience in the face of near-impossible odds. As our world came to a standstill, a period known colloquially as the Anthropause, I spent my time reading up about those creatures that were completely oblivious to our world. Gelatinous fish in the deepest trenches, water bears that stumble through fronds of moss, silvery ants on the hottest sand dunes: their indifference was soothing, a bigger picture that provided context at a time when our lives were so condensed.


It wasn’t an intentional behaviour; only looking back now does the pattern reveal itself. Seeking those organisms that could brave unimaginable environments helped guide me out of a seemingly inhospitable moment. Pondering a species that can survive the unimaginable, I could imagine a future that is still living. ‘Those who contemplate the beauty of the earth find reserves of strength that will endure as long as life lasts,’ Rachel Carson wrote in Silent Spring, a book focused on how we are sterilizing vast swathes of the planet with pesticides.


There is no denying that our planet is being devastated by our actions. Melting glaciers, dead zones in the oceans, unprecedented wildfires: many animals are being pushed beyond their limits and are threatened with extinction. Some scientists argue we are in the middle of the sixth mass extinction on Earth, one to rival that of the asteroid that crashed into Central America some 66 million years ago. The examples in this book can’t balance the scales, nor should they be used as an argument to give up on those species that are threatened with extinction. It is a reminder that there is an in-built resilience to life on Earth – whatever challenges are faced, it will endure. ‘Hope,’ Rebecca Solnit writes, ‘is an embrace of the unknown and the unknowable, an alternative to the certainty of both optimists and pessimists.’ In writing this book, the pessimist within me – the voice that tells me that the natural world is already doomed so let’s just give up – has been silenced, for now. ‘Optimists think it will all be fine without our involvement,’ Solnit continues, ‘pessimists adopt the opposite position; both excuse themselves from acting.’ To contemplate life’s resilience is to nurture our connection with hope, with action.
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CHAPTER ONE



DRY HARD


Water
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Let’s begin with our poster child of life’s resilience: the tardigrade. What makes them so invulnerable, so resilient, almost impossible to kill? How can they survive such a variety of lethal influences, from radiation to pressure, burning heat to freezing cold? The answer lies in their ability to live without that most precious resource of life, the sole search image for extraterrestrials used by NASA: water. Desiccation, it seems, is the greatest tonic against death.


The day after I had met Ellis Moloney in Plymouth, the rain still pouring down, I went looking for these animals in their natural environment. I was walking our dog Bernie along the coastal path near our home, a low-hanging grey sky closed in all around us. In sheltered coves, a barrage of white-tipped waves crashed on the rocks below. As we turned back, away from the coast, the sound of the sea was replaced by the roar of trees blowing in the wind. Soaking wet, I saw some thick pads of moss on an old dry stone wall, and decided this was the ideal place to find them. I scraped a few clumps with my fingernail, the rootless plants easily coming off like orange peel, and placed them in a clean poo bag. Although any tardigrades I had collected would be clinging to the moss with their tiny claws, I tied the bag with a loose knot to prevent any escapees.


Back home, changing out of my sodden shoes and clothes, I poured some tap water over the top and used some coffee filter paper to remove most of the excess water. What was left was a layer of soil, a few fronds of moss and, I hoped, a healthy population of water bears.


This wasn’t my first foray in moss collecting. I had already bought a second-hand digital microscope – the kind that is often used when fixing broken electrical boards – to peer into the microcosmos surrounding my home. With a magnification of 40 times, it was perfect for spotting animals less than a millimetre long. But, alas, I had no luck finding water bears.


This time, however, my eyes had been trained to Moloney’s lab-reared tardigrades. I knew the general shape, the way they moved, and focused on places that they could cling to. Under the microscope, what looked like a thin layer of brown soil to the naked eye was transformed into discrete particles of sand. Brown was actually a range of hues from a pale blond to almost black. There were tiny fragments of moss and – there, yes there! – a small, transparent tube scrambling between the grains. At such low magnification, I couldn’t see the finer details of this animal – it’s pinprick eye, its eight chubby legs with claws at each end, the protrusible stylet that it uses to suck out the innards of algal cells. On my computer screen, I watched the blurry image and escaped the here and now for a few minutes. Observing an animal so in different to my existence was comforting. These minutes were a tiny portal into a world beyond humanity, and it was as simple as collecting some moss and buying an £8 microscope.


Simply by existing, these animals turn everyday flora – a piece of wet moss, a filigree of lichen – into a wonderland.


I took a blurry image of the tardigrade and sent it to Moloney. He replied the same evening telling me that it looked like a Hypsibius species, the same genus he works on in the lab.1 Out of 1,380 species of known tardigrades,2 the study of this diverse group of animals is largely limited to two members: H. exemplaris and Ramazzottius varieornatus. Similar in body form, recent studies have found that these two species represent two opposing methods of survival, especially in the face of radiation (as we shall see in Chapter 8). For now, it’s enough to say that Hypsibius allows itself to be torn apart by extreme environments and then repairs the damage like X-Men’s Wolverine who can heal his wounds in seconds. Ramazzottius, meanwhile, protects itself from damage, using molecular shielding that allows it to endure radiation levels 1,000 times that which would kill a human. Repair and protect: a catchphrase for toothpaste but also relevant to tardigrades.


Able to survive extremes in heat, cold, radiation and pressure, most tardigrades are most comfortable on a frond of moss (hence their other, equally cute, name, ‘moss piglets’). While this sounds like a plush place to call home, this micro-habitat is rocked by extreme fluctuations, sometimes daily. When dew from a cool night is evaporated by the heat of the midday sun, a waterworld becomes an arid desert. In order to survive, tardigrades would have to find a way of following the water, like a fish swimming from a seasonal stream into a permanent lake, or ride out the storm: accept change and embrace it. For the 500-plus million years of their existence, they have been doing the latter. Their name, tardigrade, means ‘step slowly’ for their clumsy and sluggish method of locomotion. Unable to swim, or move quickly in any way, they batten down the hatches when the water dries up. This daily extreme has led to some of the toughest animals on Earth, an ancient family of invertebrates that has conquered the world and tasted space.


Along with rotifers (also known as wheel-animals3), nematode worms and the larvae of a species of midge found in Central Africa, tardigrades enter a dormant phase in which they remove up to 98 per cent of their body’s water.4 Known as anhydrobiosis, or ‘life without water’, it is an exclusive ability that the word ‘dehydration’ doesn’t seem fit to describe. Instead, scientists prefer to write that tardigrades become desiccated, a near-total loss of body water. Shrinking like a grape into a raisin, a squishy and transparent animal becomes a rigid husk, known as a tun, and in this state they are almost indestructible. Life without water, the tardigrade researcher Nadja Møbjerg wrote in 2021, ‘seems to provide animals with a potential to survive conditions that are far beyond any constraints set by their normal environment’. For whatever reason, they are too tough. Surviving without the molecule of life – H2O – makes every other stress seem like a breeze.


While anhydrobiosis is the term most often used, a slightly older term, and one of my favourite descriptions of this dried state, is ‘chemical indifference’. Whatever happens outside its little bundle of desiccation, a tardigrade doesn’t think or feel anything. It simply endures.


It also time travels. While in this dormant state, tardigrades don’t seem to age. Months or years can pass by and they are still the same tardigrade they were when they entered their desiccated tun. In 2019, Lorena Rebecchi, Chiara Boschetti and Diane Nelson – three doyens of anhydrobiotic animals – called this an ‘escape in time’, a means of avoiding unfavourable environments when movement (an ‘escape in space’) is very limited.


When curled up into their little tun packages, tardigrades are so light that they are dispersed by the wind, like pollen. Able to move huge distances without even a functioning metabolism, if they land in a drop of dew they can reinflate and conquer a new territory. It’s little surprise, then, to know that tardigrades are everywhere.


Tardigrades are one of the few animal groups – along with nematode worms, mites and a few other microscopic creatures – that can claim the distinction of living on every continent including Antarctica. On the Shackleton expedition of 1907–9, the biologist on board, James Murray, found that while the moss on this most southerly continent was ‘dwarfed by the cold’, there were masses of water bears in the freshwater lakes not far from the shore. As he wrote in his ‘Tardigrade’ monograph of 1910, ‘the microscopic animals are not at all troubled by the rigours of the climate. When the cold comes they curl up and go to sleep, it may be for years, and when the thaw comes they go merrily on as though nothing had happened.’


In Greenland, another large landmass covered in ice, tardigrades live in pockets of liquid water – known as cryoconite holes – within glaciers. When sediment has been collected from the seabed, even in the deepest parts of the ocean, there have been tardigrades in it. On land, they are most often found on moss or lichen, but there are also species adapted to life among leaf litter and within the soil. Although the population densities change according to the richness of the humus, it isn’t unusual to find 14,000 tardigrades in a square centimetre of soil. They have been found on mountain peaks reaching 6,000 metres above sea level.


Their diversity in habitats is reflected in their diversity in shape. Although tardigrades all share the same basic body plan of eight legs and one mouth, there are huge variations on this common theme. Many have claws but some species have evolved sucking discs on the ends of their legs. Most have flattened faces while others, such as Bergtrollus dzimbowski, a species first discovered in the Norwegian Alps, have long, anteater-like snouts that they use to slurp up their bacteria prey. But it is perhaps in the seabed where tardigrade evolution has had most fun. Living in the clean sands off the coast of the Faroe Islands, the brilliantly named Tanarctus bubulubus has 16 to 20 balloon-like organs attached to its rear end, structures that are used as buoyancy aids in the water and adhesive pads among the sand grains. Floating through the depths, they look like water bears that are always ready to celebrate a birthday party. Indeed, just knowing that T. bubulubus is floating somewhere in our oceans is worthy of celebration.


It is the species that live on land, in moss and lichen in particular, that are best known. Roughly 80 per cent of known tardigrade species are terrestrial, a figure that might be a result of their ease of collection, what’s known as sampling bias, than actually a reflection of their true diversity. It is easier to collect a clump of moss from a tree than it is to sample the sediment from the deep sea. Whatever their number, the terrestrial species have long been the most interesting animals to scientists and amateurs alike, a microscopic insight into the remarkable resilience of biological stuff.


For much of the eighteenth century, water bears were at the centre of a debate of what life is. Since these animals were able to pause their vital functions for months and even years, a state with no perceptible metabolism, were they actually dead? Was it correct to say they survived without water? Or was the return of water not a re-emergence but a resurrection? ‘The most relevant point,’ one Italian scientist wrote in 1774, ‘is to decide whether… the resurging little creatures in question are in fact truly dead, or only seem to be dead: assuming that they are truly dead, how does it happen that they come to life again?’ In a time long before Netflix, these seemingly impossible reviviscences became a popular pastime: a drop of water on a glass slide could reveal a world of activity. Life without water, an animal impersonating death, became known as cryptobiosis – ‘hidden life’.


How long could life hide before it was found – and consumed – by death? In 1753, Henry Baker found that nematode worms dried for four years could, with a drop of water, ‘begin anew to actuate the same body’. He added that the limits for their survival were potentially limitless if their organs weren’t ‘broken or torn asunder’. ‘[M]ay they not possibly be restored to Life again… even after twenty, forty, an hundred, or any other Number of Years provided their Organs are preserved intire? This question future Experiments alone can answer.’


A few such experiments have now been conducted, although their conclusions are far from clear. In 1948, for example, Tina Franceschi dampened a 120-year-old sample of moss, finding that there were several tardigrades inside. After 12 days of observation, she noted a ‘partly extended specimen’ started to quiver in several body segments. ‘In particular, in the front legs an extending movement followed by retraction was observed.’ As she concluded, ‘an activity of life appeared, even if very slight’. Although hardly convincing, this observation has been used as evidence that tardigrades can survive for over a century in their tun state. An article in New Scientist in 1998 turned the slight movement that Franceschi noted in her sample of moss into the statement, ‘tardigrades were later found crawling all over it’. It can be forgiven to use hyperbole with these superlative-soaked animals.


More recently, samples from museums around the world have found that tardigrades may survive for up to ten years without water, still an extraordinary feat. As with the food we eat, the longevity of these dried animals can be increased if they are frozen. (In 2023, a nematode was unearthed from permafrost at Duvanny Yar, in the northeastern Arctic. It had been in a state of cryptobiosis for 46,000 years, a time when Neanderthals and woolly mammoths were still walking the Earth.) In 2016, two tardigrades were found in a sample of moss collected from eastern Antarctica in 1983. Frozen at −20°C for 30 years, they both re-emerged when rehydrated. Researchers from Japan’s National Institute of Polar Research called them Sleeping Beauty 1 and Sleeping Beauty 2.


While Sleeping Beauty 2 died soon after its defrosting, Sleeping Beauty 1 started to eat the algae provided, filling her transparent body with seaweed-green blobs. Just over three weeks after rehydration, she started to lay eggs into her carapace, shedding this tough exoskeleton to act as a cocoon for her offspring. Over 45 days, she laid 19 eggs in five clutches, 14 of which went on to hatch, each imbued with their mother’s uncanny potential to endure.
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Once an arcane topic for the invertebrate taxonomist, water bears are now studied by scientists from around the world. Ellis Moloney at the University of Plymouth is just one member of a growing troupe of scientists hoping to reveal some of the biological mechanisms involved in tun formation, and the chemical indifference that it bestows on water bears. His supervisor Chiara Boschetti studies both rotifers and tardigrades to understand how biological material can be postponed in this dried state, a field that could lead to new means of keeping cell lines or vaccines viable for longer, and without freezing. ‘It’s just fundamentally fascinating,’ says Bob Goldstein, a biologist who has studied tardigrades for over 20 years. ‘Not only should they be dead but what they’re made of should be destroyed too. DNA and proteins, which are way hardier than [cell] membranes or RNA’ – the molecules that translate DNA code into recipes for proteins – ‘would be destroyed by a lot of the conditions that tardigrades can survive.’ It might be said that tardigrades, when in their protective tun, hold the fundamental ingredients of biology together.


Over 250 years since they were first discovered, scientists are still trying to figure out how tardigrades do this. In the 1980s, studies into other animals that could undergo anhydrobiosis, such as brine shrimps (also known as sea monkeys) and nematode worms,5 revealed that a sugar called trehalose (two glucose molecules stitched together) is key to surviving desiccation. By swapping water molecules with this simple sugar, the cells of these animals could be kept structurally sound as the body shrinks and twists. In the absence of water, trehalose can turn into a biological form of glass, turning a delicate liquid into a tough solid. (Pumping cells full of sugar is a strategy for surviving being frozen solid for some frogs, as we shall see in Chapter 4.) More recently, with doubt arising over the importance of trehalose, so-called chaperone proteins have come to the fore. Late Embryogenesis Abundant (LEA) proteins, Secretory Abundant Heat Soluble (SAHS) proteins, Cytoplasmic Abundant Heat Soluble (CAHS) proteins: all have instantly forgettable names and, for this story, it’s enough to know that they all do very similar things. Found in plant seeds as well as animals, they act like the obsessive-compulsive groundskeepers of a cell, holding everything in a particular place as the world around begins to bend out of shape. During desiccation, cell membranes and proteins tend to become misshapen or stick together. Since all reactions of life require movement and key-to-lock precision, these chaperone proteins support a cell through hard times.


Far in the future, Moloney hopes that his work can help with human disease. Parkinson’s, Alzheimer’s and most other neurodegenerative diseases, he tells me, are all associated with a cell’s response to stress. If there are genes for resilience only found in tardigrades, could these be introduced into the dying cells of the brain? ‘It’s sort of like a pipe dream, but it doesn’t have to be,’ he says. ‘There just needs to be more funding to accelerate the research. Because the potential, for sure, is there.’ Intense radiation, extreme dehydration, freezing cold or burning heat: the slow-stepping water bear might hold evolution’s Rosetta Stone for survival. As we shall see in Chapter 8, DNA from tardigrades has already been inserted into plant cells, bacteria and other cell lines, imbuing them with greater resilience in the face of environmental stress.
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Anhydrobiosis is the most extreme adaptation to water stress, a forestalling of life when water vanishes. But coping with water scarcity, more generally, is found across the tree of life.


Some of the most spectacular examples come from plants; so-called xerophytes (literally, ‘dry’ and ‘plant’) live in scorching deserts and free-draining cracks in cliffs, and can spend months in a dormant state – similar to tardigrades – only to then re-emerge with the return of water. There are only 330 known species of such ‘resurrection plants’, a tiny proportion (0.086 per cent) of the 383,671 known plant species that grow stems and trunks and branches (vascularized plants). As time-lapse videos show, a plant that has shrunk into a brown tangle of twigs can reinflate, turn green and recommence photosynthesis within a few hours of being watered. It’s not that they survive desiccation by re-emerging anew from a root system; rather, it looks like they are bringing their leaves back from the dead.


As with tardigrades, one of the tricks that plants utilize is to produce simple sugars that snap into a glass-like form when dehydrated. This solid phase reduces the chemical reactions that go on inside the plant’s cells and also protects it from physical damage caused by shrinking. But this happens quite late in the process for plants, at the point where 90 per cent of the cell’s water has already been lost. The first problem they encounter when water disappears is that plants don’t just have cell membranes (like animals), they also have cell walls. Surrounding the cell membrane like the perimeter of a castle, this structure doesn’t flex as the water disappears. It is too rigid – hence ‘wall’. For resurrection plants, it has to fold, concertina-like, enabling the cell to reduce its size by over 80 per cent and suffer no damage. When water returns, the cell wall, still in contact with the more flexible interior cell membrane, unfolds into its previous state. Plants that aren’t tolerant to water stress simply tear themselves to shreds, the internal membrane ripping itself free from the immovable wall that surrounds it. This is a recipe for plant death.


So is photosynthesis, at least when there’s no water. If this light-harvesting process is allowed to continue in its absence, a plant’s cells will start to churn out harmful reactive oxygen species (or ROS), a suite of metabolic by-products that can tear through the cell’s innards, including its DNA. To stop this, the leaves of a resurrection plant fold into themselves, exposing their undersides to the sunlight and shading the more delicate upper surface. Packed with a natural form of sunscreen – known as anthocyanins – they reduce the amount of sunlight the plant’s chloroplasts can absorb, ramping down photosynthesis as the plant continues to dry out. Some resurrection plants even digest their chloroplasts entirely, preventing photosynthesis from happening and reducing the damage from ROS to a minimum. When the water returns, they rebuild their photosynthetic machinery from the bits and pieces they started with.


Incredible to behold, the tricks used by resurrection plants are actually common to all plants. In recent years, work by Jill Farrant at the University of Cape Town and her colleagues have discovered that these desiccation-tolerant species are using the same mechanism that other plants use in their seeds. They simply lose this ability after they germinate. By genetically turning these genes back on in adult plants, Farrant and her colleagues wonder, can they flip a switch in their development, turning a desiccation-intolerant species into a tolerant one? Since 50 per cent of the world’s plant-derived energy comes from three plants – wheat, rice and maize – can these major crops be reprogrammed to cope with periods of intense and prolonged drought? Since the amount of land that is too dry for agriculture is forecast to spread across the United States, Africa, Southern Europe and Australia, can resurrection plants become the inspiration for what Farrant calls ‘climate-smart agriculture’? While there will be lower yields due to periods of dormancy, such crops would be able to grow on land that would simply destroy the current strains of maize, rice and wheat. As Farrant wrote in 2022, ‘This strategy, albeit extreme, guarantees the survival of [crops through] the harshest drought.’ Can the future of agriculture be as simple as reminding a plant of its time as a seed?
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A plant doesn’t need to come back from the dead to live in the desert. Another xerophyte has long fascinated botanists for its ability to remain green in one of the driest places on Earth: the Namib Desert of Southwest Africa, one of the few ‘hyper-arid’ regions of the Earth where rainfall is less than ten centimetres per year. Along this thin stretch of coastline, the annual rainfall might be limited to a single shower during a thunderstorm. And yet, billowing up from the gravel and sandy plains that stretch between ridges of wind-polished marble, are thousands of giant plants that have been described as ‘a stranded Octopus on a bare desert surface’. A tangle of tattered leaves emerging from the barren soil give the impression of a many-tentacled cephalopod. But the trained eye of a botanist soon realizes that Welwitschia mirabilis has only two leaves emerging from a central node, each one battered and torn by the harsh, dry winds of this coastal ecosystem. For this reason it has also been called a ‘seedling in arrested development’; while other plants grow new leaves that unfurl from stems and branches, Welwitschia simply makes its first leaves bigger. Slowly, over centuries of its life, they can grow into tangled giants with each leaf extending to more than six metres (if they were straightened out) along the dry ground.


The size of the leaves adds to the oddity of Welwitschia. The textbook example of a desert plant is a water-filled chamber studded with leaves that have turned into tiny needles. A cactus. This is a great way to store rainfall and reduce water lost through evaporation. And while trees growing in arid grasslands, such as the baobab of Madagascar, send taproots deep into the Earth to slurp up groundwater, Welwitschia’s roots don’t go much deeper than a metre. Gillian Cooper-Driver, a botanist writing in 1994, put it this way: ‘It’s been said that if botanists were to invent the ideal plant for a desert environment, surely they would never come up with a monster like Welwitschia.’


And yet, in the Namib, there are over 50,000 of these plants dotted across their eponymous ecosystem: ‘the Welwitschia Plains’.


Welwitschia are sustained by rainfall, even in places where rain might fall just once a year. Their roots are shallow but dense, soaking up as much water as possible before it sinks or evaporates under the sun’s heat. Their photosynthesis is incredibly efficient and the holes in their leaves – known as stomata – don’t let much water escape into the dry and hot air. No taproots, no resurrection, just two green leaves becoming more untidy with time. Still partly a mystery as to how they survive, it’s undoubtedly a resilient combination in the face of water stress. The Afrikaans name for this plant, tweeblaarkanniedood, means ‘two leaves that cannot die’.


Away from the gravel plains, the sand dunes of the Namib might seem relatively lifeless. No plants anchor into the forever shifting sand. Vibrant green isn’t a colour of this ecosystem’s palette. But there is water here, if you know where and when to look for it. While rain may never fall in a 12-month period, the dunes are often blanketed by a thick fog that rolls in from a cold Atlantic Ocean current that has its origins in Antarctica. With this process occurring once a month in winter and five or six times a month in summer, a few species of black beetle, members of the Tenebrionid clan, have evolved small bumps across their backs that can accumulate the microscopic water droplets of fog into five-millimetre drops that can roll into their mouths. Without this bumpy surface, any water that collected on their backs would be lost to the heat and wind of the desert. With them, a beetle can consume a third of its body weight in water in one sitting. While other animals, from herbivores to lizards, will lap up beads of fog that hang onto leaves and grass, these five species of beetle seek out their own supply. As one review paper from 2020 puts it, ‘The beetles are obsessive about their fog-basking.’


Fog-basking isn’t unique to these beetles. The thorny devil, a species of lizard that was scornfully named Moloch horridus for its ‘repulsive’ horned and warty skin, can catch water from fog or intermittent rainfall. The scales of these lizards curl into a network of straw-like capillaries, each able to carry water droplets towards the animal’s mouth. Even if this lizard came across a puddle, it wouldn’t be able to drink from it directly; its face is so flattened, an adaptation to eat ants (and only ants), that it can no longer slurp up water. And so it drinks from its skin. If feeling parched, a thorny devil can find a patch of damp sand, stand in it and soon feel quenched.


While the Namib beetles and thorny devils use their bodies to harvest water, Lepidochora kahani, another black and very similar-looking Namib Desert beetle, bulldozes a trench that runs down the dune either in a straight line or a maze of bends and dead ends. Whatever its shape, it is oriented perpendicular to the oncoming fog, a design that maximizes the amount of humid air it comes into contact with. By protruding from the dune’s surface, the ridges of these trenches impede the flow of the fog, forcing water to accumulate in the sand. How the beetles then ‘drink’ this water is unknown. It isn’t, as one study concluded, the ‘ingestion of fog-soaked sand’. However it is done, these beetles clearly modify their environment in order to harvest its water. For this, they can be compared to a species that isn’t a lizard or a beetle – us.


In arid places where fog is a regular part of the weather system, huge mist nets have long been used to collect water for irrigating crops or as fresh drinking water. In Lima, Peru, for example, the fog locally known as La Garúa has been harvested to grow figs, grapevines and olives in places that were once defined by drought. Similar structures are found across the Pacific Coast of South America, the Middle East and the Namib. But while humans may have been harvesting fog for centuries, beetles and lizards have been doing it for millions of years. By studying the microstructure of their wing covers and scales it is hoped that even more efficient mist nets can be constructed, without a substantial increase in cost. A 2019 study found that mimicking the patches of water-attracting bumps and water-repelling troughs of the beetle’s back could double the amount of water collection from fog, compared to a surface that is made of a plain water-repelling surface. As the water builds into substantially sized drops on the bumps (unlikely to be blown away in the wind) they then roll onto the hydrophobic surfaces along which they move quickly towards collection.


Out of 200 Tenebrionid beetles that live in the Namib Desert, only five collect water from the fog that flows over the sand dunes. For a place where water is so scarce – a heavy rainfall can be a 40-year occurrence – this low number is still a mystery. One possibility is that it is only a lifestyle suited to the most isolated and barren places, dunes where predators such as insectivorous lizards are unlikely to pop out for an evening patrol and find a platter of moist beetles with their heads in the sand. While it is undoubtedly an ingenious solution to water scarcity, it does make them incredibly vulnerable to being eaten.


How these beetles know when fog is about to roll in is also still a mystery. Could it be a change in air pressure? The humidity of the previous day? Whatever the case, when a row of beetles are face down on the sand, it looks an awful lot like they are praying to their water deity.
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The driest regions of our world – from arid grasslands to sandy deserts – may seem like outliers and alien landscapes to us. In the hottest deserts and driest plains, we can’t tend to cattle or grow crops. As a species, we live primarily in regions where water is available for at least part of the year. In terms of land area, however, arid regions account for up to 40 per cent of Earth’s continental surface. In Antarctica and the Arctic slope of Alaska, water is frozen and not available in its liquid form. Nearer to the equator and in the shadows of mountains, hot air descending from high in the atmosphere prevents colder air from precipitating into rain. The Atacama Desert of Chile sits between two rain shadows, one from the Andes and the other from the Chilean Coast Range, a geological circumstance that has made this strip of coastal desert the driest place on Earth (excluding the polar deserts of Antarctica). Rainfall can be as little as three millimetres per year. As with the Namib, it is a hyper-arid landscape. The Atacama is so consistently dry that it is used as a benchmark to which other deserts are compared. Move in any direction from this thin stretch of South American coastline and it can only get wetter.


The Atacama has been referred to as ‘a territory so bleak and desolate [that it is only] distinguished by the number of its hideously barren hills of rock and its sandy wastes’. Visit at the right time, however, and even this hyper-arid desert can be a riot of life. Over 1,000 species of plants have been found within its borders, many of which lie dormant as seeds for years and can sprout into seedlings at the slightest patter of rain. As one botanist has noted, ‘As if aware that they have an ephemeral life and that what they have to do must be done quickly, they are scarcely above ground before they put forth blossoms.’ Dense masses of yellow, cup-shaped flowers, cushions of the chamomile-like Closia, silk-like stems that tangle into what’s known as Angel-hair, cacti topped with broad flowers the colour of lavender: even the harshest desert can adorn itself in delicate finery.


Seeds allow plants to lie dormant until the time is right for growth. They also allow a very shy mammal to live a full and healthy life without ever needing to stop for a drink.
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Merriam’s kangaroo rat of the southwestern United States is most notable for its extremely long legs and its characteristic hopping form of locomotion which it shares with its larger, Australian namesake. With a long, feather-like tail, it jumps from place to place and does not scurry like other rodents such as mice or rats. Able to fit in the palm of your hand, its jet black eyes are huge for its body size, an adaptation to its strict nocturnal lifestyle. Even a moonlit night is too much illumination for these seed-eating mammals, a diffuse spotlight that owls, foxes and coyotes use to their favour. If attacked, however, the kangaroo rat’s long legs can springboard its lightweight body from potential harm. Even a photographer trying to capture an image of this animal is often met with a blank frame or a blur next to a hole in the ground. Between the click of the shutter and the flash, the animal has already leapt for cover, ‘a disappearance into the burrow so sudden as to be almost startling’, the 1922 paper ‘Life History of the Kangaroo Rat’ states.


But to focus on its legs as the essential adaptation to life in the patchy and bare desert is to ignore a hidden talent of Merriam’s kangaroo rat. These rodents never drink water. Its daily life is defined by this absence. Not only is there no water to drink, it subsists almost entirely on dry seeds from creosote bushes. ‘They do not feed on cactus, as some other rodents do, and they seldom eat green leaves,’ one author notes. ‘This is a very unusual performance for a mammal.’ So how does it keep its cells, its blood, its brain hydrated? First, even a sun-dried seed still contains some water. Even if it is as little as 5 to 10 per cent of its weight, this can be a valuable drop of water in the desert. Kangaroo rats are so attuned to the need for water, they can select between two seeds that differ by 0.0014 millilitres, and then choose the ever so slightly wetter one. Second, there is another water source that the kangaroo rat can utilize. It doesn’t come from its environment but from inside its body. Water is a by-product of metabolism, the breakdown of proteins, fats and carbohydrates. Let’s take glucose, a simple sugar, as an example. Its chemical formula is six carbon atoms, 12 hydrogen atoms and six oxygen atoms. It can be written like this: C6H12O6. When burned in the presence of oxygen inside an animal’s cells, these carbons and hydrogens and oxygens are transformed into carbon dioxide (CO2) and water (H2O), plus energy. The whole process looks like this:


C6H12O6 + 6O2 → 6CO2 + 6H2O + energy
(glucose + oxygen → carbon dioxide + water + energy)


Notice the water in bold? From just one molecule of glucose, it turns out, an oxygen-based metabolism can produce six molecules of water. For most animals, this so-called metabolic water has no impact on their water budget. In order to produce it, they need to breathe more oxygen, and the act of breathing means that water is lost through their lungs and noses. But kangaroo rats have such small and efficient noses that they cool their nasal passages with every inhalation, creating a surface for the humid air from the lungs to condense onto with every breath. It has been called a ‘counter-current heat exchanger’, a way for the kangaroo rat to hold onto the water it produces from its own metabolism. As with the Fremen in Frank Herbert’s Dune novels, preserving water in the desert is a priority and a privilege. To lose or waste it is sacrilege. But the stillsuits that the Fremen wear to recycle the water in urine, sweat and breath have to be worn properly and maintained. For animals like the kangaroo rat, it is part of their being.


There are other ways to hold onto precious water. The long tubes of their kidneys concentrate their urine into a dark broth, reducing the amount of water lost as they excrete urea (a toxic by-product of digesting protein). In fact, their kidneys are so efficient at holding onto the water inside their bodies that Merriam’s kangaroo rats can drink seawater and still keep their bodies hydrated. If we were to do the same, the salt in seawater would pull water out of our cells by osmosis and push it into our urine, slowly dehydrating us. Only Merriam’s kangaroo rats living in captivity have been given such a strange option as seawater.


Hopping from patches of creosote bush, a kangaroo rat stands on her two hind legs while her short front paws pick up dried seeds and pack them into two fur-lined cheek pouches. Her large eyes and ears constantly sense the world for danger, but she lives entirely without fear of running out of water.
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A kangaroo rat’s ability to survive without drinking water is as much about behaviour as physiology. To avoid the stiflingly dry air of the desert, they spend the day underground, cocooned in a much cooler and more humid environment. If they were forced up onto the surface, a place where humidity can be as low as 5 per cent, they would die in minutes. The amount of water lost to the surrounding air – through sweat and breath, primarily – would lead to a process known as an ‘explosive heat rise’.6 As the blood plasma loses its water, it becomes thicker, harder to pump around the body by the heart. As the body struggles to shift warm blood from the body’s core to its surface, flushing the capillaries of the skin with warmth, the animal has no means of shedding excess heat. The cycle continues and deepens: more heat, less water, thicker blood, more heat, less water, and on and on. Even a kangaroo rat can’t endure the daytime desert.


But a camel can. These large domesticated ruminants can lose 30 per cent of their body’s water and still show very little discomfort (just 12 per cent would kill a human in the heat of the desert). This is because camels lose water differently, syphoning off the water from spaces in between cells rather than from plasma, allowing the blood to continue to flow around the body. They also allow their bodies to heat up to 41°C, a temperature that we would consider a potentially lethal fever. By letting go of their thermal regulation (and not trying to keep their body within a 2°C range as we do), camels lose less water in sweat, the main method of cooling down for many mammals. This is known as heterothermy (as opposed to our homeothermy), and is a common adaptation in large mammals that inhabit desert regions, saving four to five litres of water per day.7 In the Arabian Desert, for example, oryx – large relatives of cows with metre-long horns – allow their body temperature to go from 36°C in the morning to over 41°C by the evening. And they can do this every day when it is hot and dry. At night, when the desert air once again cools down, these large mammals radiate this heat back into their surroundings by convection (and not evaporation, which is how sweat cools the body).


As with the kangaroo rat, a 100 kilogram Arabian oryx can subsist entirely on the water it consumes as part of its diet, largely the sun-dried leaves of Disperma shrubs. It prefers to forage during the cooler hours of the evening, when each leaf might be 30 per cent water. In the day, however, ‘these plants are so dry their leaves fall apart when they are touched’, Richard Taylor, a physiologist working in East Africa wrote in Scientific American. In the same essay, he noted how these animals are aggressive and willing to use their ‘rapier-like horns with great facility’. Anyone who studies these animals, he added, will ‘get physical as well as mental exercise’. For an animal that eats crumbling leaves and experiences body temperatures above 40°C on a regular basis, it seems fair to be a bit cranky. Plus, in a time before digital biologgers, Taylor and his colleagues took body temperatures rectally.


Although there is a huge amount of variation and nuance in climate models, it is generally thought that dry regions of the planet will become drier while wet places will become wetter. Forever keen to find an acronym to fit their theories, scientists have called this the DIDWIW trend paradigm: ‘drier in dry, wetter in wet’. As part of this trend, droughts are becoming more extreme, reducing vast areas of scrub or grassland to bare soil and rock. Even in megadroughts, however, there are animals and plants ready to benefit. In 2018, a study by Laura Prugh from the University of Washington and her colleagues studied the worst drought to hit the Carrizo Plain in California for over 1,200 years. From 2012 to 2014, rainfall in California was low but not exceptionally so. It was the intense, unrelenting heat that made water evaporate, turning the once verdant plain of grasses and shrubs into a ‘barren plain nearly devoid of vegetation’. Since 2007, Prugh and her colleagues had been monitoring the abundance of 336 species of plants and animals, and how drought affected this ecosystem. Their datasets found that 85 of the 336 species (25 per cent) were classified as losers, experiencing a significant decrease in number with the lack of available water. But the vast majority – 71 per cent – showed no significant response to the drought, a core stability during a time of extreme change.


Surprisingly, 12 out of the 336 (4 per cent) were classified as winners, species that increased in number even after four years of intense drought. These included native red maids (Calandrinia menziesii), an annual species of plant that blooms in magenta-coloured flowers in places where invasive grasses don’t dominate. Scurrying around these nutritious plants were increased numbers of common side-blotched lizards, six species of beetle, Cyphamyrmex ants, two birds (killdeer and the greater roadrunner) and, notably, the short-nosed kangaroo rat. Like its cousin Merriam’s kangaroo rat, this small rodent hops on two large hind legs and eats seeds. Its success during the 2012–15 drought was due to a decrease in competition, a population crash in the dominant nocturnal rodent: the giant kangaroo rat.8 After a year of drought, this latter species was unable to sustain its greater body mass, declining 11-fold over the period of drought. Drought, in this case, was a ‘disturbance agent that opens niche space by stressing dominant species and allowing competitively inferior species to increase in abundance’, Prugh and her colleagues wrote. In terms of rodents, species diversity actually increased during the drought, an ecosystem of many smaller-bodied animals rather than the dominant giant.


Whether this is good news or bad news depends on the way we envision the norms of nature. Do we treasure the larger animals that dwell in the wetter seasons? Or do the weedy plants and fast-growing, smaller animals of disturbance deserve as much of our appreciation? With droughts becoming more intense, especially in southern South America, Southern Europe and southwestern United States, it is these drought-adapted species that are likely to be the ultimate winners in a hotter – and therefore drier – world.
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It is a world that annual killifish have evolved to thrive in. A hardy assortment of 320 or so species, these guppy-sized, gaudy fish inhabit drought-prone areas in South America and Africa and can complete their entire life cycle – from egg to egg-producing female – within 12 months (hence annual killifish). For their sudden appearance following rain, Indigenous communities have long referred to them as ‘cloud fish’. In truth, their eggs were buried in the earth the entire time, wrapped in a protective cocoon that has allowed these fish to lie dormant, sometimes for two years, until the next rain. Dwelling in ephemeral ponds, annual killifish are marginal habitat specialists, able to survive droughts that would kill nearly every other type of fish. ‘You can almost think of [these eggs] like a seed bank,’ says Jason Podrabsky, a killifish researcher who has studied Austrofundulus limnaeus, a species of killifish found in coastal deserts and the savanna of Venezuela, since the 1990s. Except this is a vertebrate, a fish, and not a seed-producing plant.


Unlike the dehydrated tun of tardigrades, killifish eggs hold onto the water that they contain, shielding it from evaporation. Compared to similar-sized fish, annual killifish eggs have an ‘exceptionally thick’ chorion, a viscous envelope that makes the journey of water from inside the egg to the outside world much longer, and therefore harder. Plus, the layer surrounding this, known as the perivitelline layer, can lose all its water and turn into a form of biological glass, vitrifying a liquid bubble into a solid capsule. ‘The embryos actually become like little marbles,’ Podrabsky says. ‘You can even drop them and they clink and they roll around. But if you look at them under the microscope, you can see the embryo inside twitching, you can see its heart beating every now and then.’


But every marble has its breaking point. For an annual killifish, water loss is inevitable. In the lab, Podrabsky has found that 50 per cent relative humidity led to killifish eggs drying up in a couple of days. At 75 per cent relative humidity, however, 40 per cent of the embryos could survive for over 100 days. While a relative humidity of 75 per cent sounds like a muggy day to us, for a fish that lives in water this is a dry breeze. In comparison, other species of fish that have evolved to deal with periods of drought require humidity levels close to 98 per cent to survive. In what has been called a ‘summer sleep’, the African lungfish buries itself into the lake bed as the soil above dries and hardens. Connected to the surface through a small breathing tube, they secrete a thick mucus layer, known as a cocoon, that reduces water loss. But without the damp soil surrounding it, the fish would shrivel and die. If it remains moist, they can survive in this state of ‘estivation’ for several years.


Annual killifish have made their most fragile life stage – the embryo – its most hardy. Being able to lie dormant through periods of intense drought has allowed these fish to inhabit marginal habitats that would otherwise be off limits for fish. (Walking through pastureland in Venezuela, Podrabsky has even found them in water-filled hoof prints made by cattle.) Once the rain returns, the embryos hatch, the adult bulks up on worms and the larvae of insects, reproduces daily and dies, all within two months. In the parched savanna of Southern Africa, the turquoise killifish, Nothobranchius furzeri, has been found to reach sexual maturity within 14 days, the fastest development of any animal with a backbone (a group that includes all jawless fish to amphibians, reptiles to birds and mammals). As the authors of that study wrote in 2018, ‘Even a pool that desiccated in three weeks permitted successful reproduction of N. furzeri and, thereby, supported a viable population that year.’


The aphorism ‘Live fast, die young’ never found a more fitting mascot than annual killifish. Even if they live for two or three months, N. furzeri shows the classic hallmarks of ageing, from cognitive decline to cancer. Since other vertebrate models of ageing such as the mouse and the zebrafish can live to five years or more, this hardy species has the potential to fast-track our understanding of the biological mechanisms of ageing and death.
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Depending on where you choose to begin the story of a killifish’s life (the egg or the adult), it could be argued that the first inhospitable environment they have to survive is within the dark sediment into which they are laid by their soon-to-be-dead mother. Buried in a stagnant pool of water, microbial activity is high and oxygen content is low, perhaps even absent altogether. A 10-day-old killifish embryo can last for over a month without a whiff of oxygen. A month! After this period, one study concluded, there were no signs of developmental abnormality and the embryos followed a normal trajectory of growth.


And killifish aren’t the only animals to survive for long periods without breathing oxygen. There are even fully grown adult animals, unprotected by a glassy marble, that can survive without breathing for up to six months every year. One group of animals might never breathe oxygen in their entire life cycle, from egg to adult, a phenomenon that, until 2010, was thought to be a defining feature of Kingdom Animalia.
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