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Epigraph

Tell me and I forget. Teach me and I remember.

Involve me and I learn.

—XUNZI
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Preface

LIKE MANY OTHERS, I WRITE IN A DIARY TO KEEP TRACK OF THE passage of time by what is going on in my life. Runners write to see if they’re still on course to reach a goal of running a certain distance in a specific time. I’m loaded with a double goal: I had proposed to myself to run a 100k at age eighty and set an age-specific world record doing it, using myself as a guinea pig and then writing a book about it.

I’m mostly a biologist, and observing the nature around me, asking questions, and doing experiments has been my life’s work. I’m always on the lookout for suitable subjects. I’ve experimented on sphinx moths, honeybees, bumblebees, butterflies, syrphid flies, dance flies, giant dung beetles, dragonflies, winter moths, crows, ravens, sapsuckers, iris flowers, American chestnuts, red squirrels, and more, then published my discoveries. The older I have become, the more it has struck me how much all of life has in common. We are all kin. And so I sometimes apply what I learn to us humans and have experimented on myself to test a variety of racing fuels, such as honey, cranberry juice, olive oil, chocolate ice cream, beer, baby food, and yeast rolls, preferably each with multiple trials (excluding an inadvertent one during a twenty-four-hour race on cranberry juice that was sweetened with a chemical other than sugar). Aging is also a trial of one, and I’ve been at it now for seventy-nine years. I proposed to document my attempt to run that 100k soon after my eightieth birthday, on April 19, 2020.

But right now, I’m sitting on my couch next to the woodstove in the mountainous, near-endless forest of western Maine, where I’ve lived continuously for the past ten years and which was my spiritual home for about sixty-five before that. It is snowing hard, and the wind is blowing. Glancing at my calendar, I see that I’m already eighty years plus three days old, and also see the 100k race target date and place, April 26 at Lake Waramaug in Connecticut, entered there last November. However, we’ve been months in lockdown because of the global pandemic. Last week even the Boston Marathon was canceled. Leaving aside COVID-19, I was already out of the running by the end of November, after I chased a deer one afternoon in the first big snowstorm and ended up in the rocky crags of Houghton Ledges, on a mountain adjacent to the cabin where I live, with an ankle injury that still precludes serious running. As I am now incapable of even conceiving of running 100k at one stretch, my daily diary is tilted toward what I see nearby in the woods. This morning at 4:46 a.m., still in the dark, I noted, “All is snow-covered. Seems like midwinter. But just now the woodcock, more commonly called the ‘timber doodle,’ is out there in my clearing in the woods on the snow. He is announcing his presence at dusk and dawn by a repetitive ‘peenting’ call while perched on the ground, to then perform one after another of his spectacular sky dances, as though nothing had happened despite the snowstorm yesterday and last night. I wonder what else will be up when daylight comes—will the Phoebe, the Hermit thrush, the Winter wren that came back probably too early retreat south, or will their biological clocks not allow them to change from their normal schedule of being here now to sing and to nest?”

Science is a search for authenticity and proof. At least in physics, chemistry, and perhaps astronomy, that is revealed, or presumably achieved, in part by the aid of mathematical formulae, which do not concern time directly (Einstein’s famous formula of energy equals mass multiplied by the speed of light squared does so indirectly, since speed is a function of time). But to us, time is an almost universal and viscerally felt component, life is anything but certain, and it is as true as the law of gravity that literally everything in life concerns time. There would not have been any evolution, not even a virus or a cell, without time: no birth, no dying. Time is at the root of our lives, and there are always currents simultaneously pushing and pulling us from various directions whose outcome can be explained by the laws of physics and chemistry.

I am awed by the way trivial incidents, which happen continuously, have profound influences as they ripple down seemingly to the end of time and how each road closed can create a time to reevaluate and open a new one, to reveal other possibilities that could not even have been encountered or thought of before. Every day is a potential disaster or an opportunity.

To paraphrase the poet Robert Frost, I still have many more miles to go and promises to keep. However, my original plan of running a 100k ultramarathon is not going to happen. I’m realizing at age eighty that I no longer feel the fire, the need to do that one specific thing regardless of the circumstances and the consequences. Who knows how long the COVID-19 lockdown will last? It may outlast me. I can now do some other things better than run, and I’ll take that.

After seeing the writing on the wall and having been given more time, since I didn’t need to do my daily twenty-mile training run, I reached back in memory, rummaging among a stack of paper-filled cardboard boxes piled up under the cabin eaves. They hold jumbles of notes from courses taught, background material of books written, research done, notebooks and letters, and lots and lots of running files dating all the way back to my cross-country days as a junior and senior during my six years at the Good Will–Hinckley Home Farm and School in Hinckley, Maine, a school for kids without homes.

One of the boxes was inherited from my parents and recently passed on to me by my sister. I had not seen it before. It contained all the letters to and from my parents ranging over the twenty-eight years I had been separated from them, starting at age twelve at Good Will. In my letters to Papa and Mamusha (as we called our Polish-German mother), I had complained because my housemother had forbidden me to write in German, after she had found me doing so. Papa wrote letters that were first in German and like mine later, in English. They were longer than some of my research papers, and in one he wrote, “I am sorry and sad you don’t like it [there]. There are always such times in one’s life, but later one comes back to one’s hobbies; maybe you should try sports.”

Another letter I had written to Mamusha was dated April 9, 1956. I had been there for four years. It was, as were all my letters at that time, written in German, and I started it by telling her that my knife was now “fixed” (I was mixing languages by then) and that it had a good point so that I could again throw it as before. I was then in the “American frontiersman pioneer in the wilderness” stage of my developmental cycle. I also told her that the snow had just melted and that many robins, tree swallows, song sparrows, crows, and even a killdeer were back, and indirectly that my bees, which I had hived from a bee tree the previous fall, had survived the winter in the hive, because on Thursday I had gone to be near them and got stung on the back of my head. I also wrote, “Freitag bin ich nicht in die Schule gegangen aber in den Wald” (“Friday I did not go to school but into the woods”) and “da bin ich in ein stream gefallen” (“there I fell into a stream”—the German would have been Bach) that I had tried to jump over. I had then found a dry spot, undressed, and lain naked in the sun and almost fallen asleep. My letter is written in pencil, but in the blue ink in my mother’s handwriting at the top of the first page is a curt note saying that a week later “Bernd weg gelaufen” (“Bernd ran away”). There was no mention that two days later I arrived back home at the farm. The day after I had run away from school, she noted that I had been taken right back to it. The one-way distance from that “home” to the one I felt was my real one had been a bit more than that of a marathon. It did not exhaust me but instead made me hungrier for the woods. The farm had been planned only as a stopover, to the destination I presumed to be the endless woods about twelve miles beyond (the very same where I have now been living off-grid, off and on for forty years). Living in the woods in a homemade log cabin, living off the land like the pioneers, was something we learned about in school, and it seemed the coolest thing I had learned so far. But at the time I could only dream of it.

By then I had a number of hobbies, including baseball, tennis, swimming, skiing, raising caterpillars, and looking for birds and their nests. Track was not offered by the school, but we did have a gravel pit where I practiced long jumping, and there was a rope hung from a great sugar maple tree where a couple of us boys practiced hand-over-hand climbing and our knife throwing.

I developed my focus on running only in my last two years of high school. Running is among the most intense and universal activities of our species. Its imprint is visible to any biologist in the comparison of our bodies and our minds to those of our closest relatives. Running as a sport was then being offered at school and called “cross-country”; we ran and raced over some of the same woodsy trails I already knew well. But running for me goes back to when I was five years old, reaching back to my parents’ struggles and their extraordinary lives and through my finding a home in both biology and in running. Now, with no second 100k record attempt on the horizon, I reach back into memories, letters, contacts, and my career as a biologist and scientist.

A week before my eightieth birthday, I received a letter from a man in Montana who said he had been running his whole life, ever since he was able, which he said was “at two,” and he had just turned forty-two and intended to run “as long as I am able to. But,” he continued, “I wake up stiff and my morning runs often are of a plodding nature.” He had bought my book Why We Run years before and, having just read it, thought I might have advice, having at his age set world records. So he was soliciting recommendations from me for running less with a “plodding nature” for someone of “his age.” I’ve been asked the same question, since I was still a youngster at age forty, of guys pulling alongside me on the highway. They ask, “Hey, Ben, you still running?” All I can say is “I hope so.” But a time will come when I’m just plodding, due to the unstoppable biological clock. Some things—especially running—get a lot harder for all of us, and they are or become seemingly impossible to many. But are they really? How much does perception derived from habit and experience make it the road not taken?

This book concerns aging, but it doesn’t contain advice or recommendations about running. With “old” age approaching, the choices may become ever fewer and farther between, with less time left to make the right ones. Those choices, dictated by the biological clock, can then become less skewed toward achieving a predetermined race result and more focused on taking things as they come and making the best of them. That may sound like a cop-out. But “making the best of it” is being realistic about what we have achieved or can achieve rather than what we think we must or should achieve.

One lesson I have learned is that life is a journey, and too-careful planning of the road ahead can lead to a dead end and frustration. Looking back, I see magic when seemingly devastating setbacks led to unanticipated opportunities that could not be wasted. But some things are inevitable. And what time does to us is one. All life must adjust to its effects. This fact of life is perhaps especially conspicuous in running, which is deeply rooted in the meaning and mechanisms of our biology. There are some things to give up and other things to lean toward. What are they, and what are the differences between them?
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The Biological Clock

FEW THINGS IN THE WORLD SEEM MORE IMPORTANT THAN time. We all have a physiological clock that influences our lives, yet we scarcely know what time is. Time exists not as a thing or an event in itself but only as something between events, and we are all acutely aware of it. Physicists continue to ponder it, and it is biblically enshrined by the famous truism in Ecclesiastes: “To everything there is a season and a reason for every purpose under the heaven; a time to be born and a time to die, a time to plant and a time to uproot, a time to kill and a time to heal, a time to tear down and a time to build.”

Our biological clock is hardly precise. Certain of our genes control it, and we see what it does, but we don’t yet know how it works. It was perhaps most vividly first demonstrated in bees and flowers by the Austrian beekeeper and biologist Karl von Frisch, who made an amazing discovery in the 1950s proving how honeybees communicate the distance and direction of a profitable food source to their hive mates. I’m awed by the beauty and the elegance of his experiments, so clear and succinct that even a child could understand them, as I did when my father gave me Frisch’s thin little book The Dancing Bees: An Account of the Life and Senses of the Honey Bee for my sixteenth birthday. He inscribed it with my name and then “Dem Imker von seinen Vater zu Weinachten 1956” (The beekeeper from his father for Christmas 1956). Papa thus acknowledged me for something I had already been passionate about for four years. But I’m starting with Frisch here now because of an unanticipated and seldom mentioned secondary discovery of his bee studies, one highlighting the biological clock.

The bee’s internal clock runs on an approximately twenty-four-hour schedule. Frisch noticed that while feeding his bees sugar syrup in the field, they came back to search for that food not only at the place where he had provided it but also at the time (to, on average, within fifteen minutes) when he had fed them there previously. But that alone didn’t clinch the fact that bees can tell time. More evidence came from the apparent “dances” (which were in fact messages) that he watched closely as he deciphered how they encoded the information indicating the flight direction and distance to a food source. Each dance is a code for a symbolic flight performed on a vertical honeycomb in the darkness of the hive, directing recruits to the distant food source. It indicates to the bees attending it the direction to take toward the food in terms of the angle from the hive with respect to the sun’s position in the sky. This angle, of course, keeps changing at the rate of 15 degrees per hour. Amazingly, the dancing bees’ angle on the vertical honeycomb in the darkness of the hive keeps changing in accord with the sun’s movement if, for example, the dancer keeps on advertising the food source (or a potential nesting site in the case of a swarm moving to a new home) for hours. Similarly, the information-receivers take into account how much the sun would have moved if they stayed for a long time before leaving. Their communication involves knowing the time in terms of the position of the sun, both when it is directly visible and when not, when they are within their hives.

Keeping track by an approximately twenty-four-hour internal clock is now known as an almost universal capacity of life, on the basis of what we now call the “circadian clock” (circa meaning “approximate” and dian meaning “day”). Our construction of accurate mechanical clocks dates back to the days of early long-distance sailing, when accurate time measurements were needed for fixing location (as with the bees) for navigation over oceanic distances. At night, we used the locations of the stars for orientation (as some birds do also). In the northern latitudes we see the stars rotate around Polaris, the North Star (which seemingly stays fixed in place because it is on the axis of the earth’s rotation). In the southern latitudes it is not visible, but the north direction can be extrapolated from the location and movements of other stars and constellations moving around it; knowing the time, sailors, and some night-migrating birds, can extrapolate direction.

We are acutely familiar with the truism embodied in the Ecclesiastes saying (there is a time for everything under the sun), yet until very recently we took for granted our ability to predict the time of day by the locations of the sun and the stars and the season by the weather and adjust our activities accordingly. Little did we suspect that a sense of time was needed and routinely applied by other life-forms on Earth as well. We now know that it exists in practically all animals and plants and directs all of life. Each of us has an internal clock that helps regulate our lives, perhaps even influencing how fast we age and how long we live.

Every summer there erupts out of the ground in front of my window a patch of common chicory, a tall plant of the daisy family. Every summer it sports beautiful robin’s-egg blue flowers for three months or more, starting in July. Even in its peak flowering time, every morning before bright daylight there is not one flower in sight, but then an hour after sunrise the whole patch is blue with hundreds of opened flowers that by evening are all closed again. One might think that the cycle is due to the light or temperature—that the morning sunlight or warming makes them open and the evening cooling and/or darkness is the stimulus to close them. But a quick and easy experiment proved that that’s partly—but not completely—true. I took plants with flowers open at noon and transferred them into darkness in my warm cabin; they remained open till evening and in constant temperature, then still closed at their regular time. Meanwhile, buds (on stalks) that I kept inside in the dark opened in the morning at the usual time, without being subjected to the morning warmth or light. That simple experiment showed that flowers, like the bees pollinating them, have an internal biological clock running on a circadian cycle.

The circadian clock also determines the time of flower death; each of the individual flowers turns from a bright blue to a pale brown by nightfall, then wilts, senesces, and is dead by the next morning, when another flower bud next to it on the same stalk opens instead, to live its daylong life on the plant. Chicory is only one of the many hundreds of plants in the daisy family; others have other very different schedules. For example, the sunflowers in the adjacent garden, as well as common white daisies blooming next to the chicory, stayed open continuously, both day and night, and remained fresh and alive for weeks. Some orchid flowers stay alive and fresh looking for months.

The death and resurrection of other body parts of the same plant occur on much longer schedules. The chicory stalk grows and is alive all summer long—long enough to open all the flowers to be pollinated and produce seeds. Then, by fall, the whole chicory stalk wilts and dies, and over the winter the tall brittle and brown stalks stand and eventually topple, while the roots underground live on to send up new stalks come spring. Thus the plant’s life schedule varies from merely a day for the flowers to a summer for the leaves and stalks, numerous years for the roots, and potentially decades for the seeds. Viable lotus seeds have been found in Egyptian tombs, as have viable seeds from the ice ages preserved in Arctic permafrost. Senescence and death sequences are part of the overall adaptive strategy, as are the senescence and death of the leaves of northern trees. The leaves of some trees die and are shed after about three months; the leaves of others remain alive several years.

By February and March, I anxiously await the spring and check the weather report, hoping for a warm day soon when the snow will begin to melt and the brook to roar. In 2020, the leaves and flowers of my snowdrop plants were showing through the snow on April 5. A week later, the poplar trees, the alders, and the beaked hazels had bloomed. Six weeks later, the same snowdrops were still alive and open, while the red maples started blossoming. And so the progression of the plants’ blooming would continue with the serviceberry, apple, and blueberry; the basswoods through May and June; the goldenrods in July; and finally the bright blue petals of the New England asters in September and into mid-October.

In most plant species the flowers open within a short period of days, coinciding with the blooming of their neighbors of the same species. In this way, mating occurs (thanks to the pollinators visiting mostly one species at a time) by proxy of the bees and other pollinators acting as male sperm carriers. In their competition for mating agents, such as bees, moths, hummingbirds, and others, plant species’ blooming in a staggered, time-specific progression also promotes the plants’ reproduction by inducing flower fidelity in their pollinators aside from that stemming from the plants’ evolving their flowers to be distinctive not just in their blooming time but also in their come-hither signaling by form, food reward, color, and scent, all acting as sexual reproductive aids.

The trees, the bees, the birds, and humans have evolved to follow not just the earth’s daily rotational cycle but also its annual cycle, which is related to the tilt of the earth on its journey around the sun. One of the first to discover that these long-term cycles are also governed by an internal clock was the German ornithologist Eberhard Gwinner. In the mid-1970s, he used European starlings that he maintained for eight years at a constant temperature and in an unvarying artificial photoperiod of fourteen hours of light and ten hours of darkness. His eight-year-long experiment proved that independent of external cues, the starlings molted their feathers and prepared physiologically for reproduction at nearly the same time each year, despite not having the seasonal cues that those free in the wild did. This annual cycling came to be called a circannual rhythm, as opposed to circadian rhythm. The circannual rhythm is, however, thought to be a physiological adjunct to the circadian clock, which by measuring day-length changes (and temperature) determines seasons and synchronizes the circannual response to the seasonal cycle in a manner similar to the way we set the time on our clocks. For animals there is also a season to mate; this is when food availability, determined with respect to the plants’ schedules, is greatest and thus when the young offspring will have the food they need to grow. Animals’ adaptation to the changing seasons requires long-term preparation by laying up food resources, generating antifreeze, growing insulation, and migrating or hibernating.

This pattern of long-term, approximately yearly, cycles of behavior and physiology was later found in bird migration patterns, in the physiology and behavior of reproduction, and in the hibernation of mammals such as ground squirrels. Under constant temperature and in an artificial photoperiod of twelve hours of light and twelve hours of darkness, ground squirrels still enter hibernation approximately every twelve months. In their natural habitat, this period (repeated unit) is on average but not exactly twelve months, but it is reinforced by or synchronized with the seasonal patterns of day lengths or temperatures, indicating that the circadian clock as well as temperature reset the circannual clock. The duration of daylight measured by the circadian clock is a cue that keeps the circadian clock on schedule with “real” time.

The circannual rhythm is at times tricky to determine, because sometimes cues from the environment, such as temperature, override the circannual rhythm. I notice it almost every fall here in Maine, when both wood frogs and spring peepers start to call briefly when the days get short, as they also do in the spring when they emerge from hibernation. The wood frogs, which close to the first day of a major snowmelt rush to their vernal pools to mate and lay their eggs, already had the eggs ready in the fall and have them kept in cold storage all winter long in their bellies, under the snow. Other cues may be just as or more important. For example, at the proper photoperiod, doves are potentially able to breed, but, as has been shown in the lab, they will then react physiologically (and behaviorally) only if they see a potential mate wooing them and also find material to build a nest with. Similarly, frogs’ breeding response quickly stops and the animals proceed into hibernation as soon as the temperature drops in the fall.

We don’t know much about humans’ circannual cycles. As far as I know, nobody has volunteered to subject him- or herself to a long number of consecutive years of strictly controlled conditions to test for it, nor would we know what variables to measure. Semihibernation and/or running enthusiasm might be a candidate. I find myself loath to run in the winter, although that may be due mainly to the snow and not so much a circannual clock phenomenon; I can more readily go outside when a warm sunny day comes along, but if the next day it’s snowy I may stay inside again. I suspect these behaviors could be a remnant of the Neanderthal tool kit, like that of northern bears, of surviving through long Pleistocene winters, where saving energy when food is scarce is a crucial survival skill.

As with the daily cycles of activity, however, animals’ annual cycles of migration, growth, hibernation, and reproduction serve well to prepare them for the future. Flexibility is essential, since nature may be inconsistent in the short term. Those that are locked too tightly into a program can face lethal consequences or miss opportunities. Balance and the flexibility to achieve fitness are the products of natural selection. They include animals’ hugely varying but distinctly species-specific normal life spans, ranging from a few days to years to decades and up to hundreds of years.




2

Life Span and Aging

THE NATURAL AVERAGE LIFE SPAN OF A BLOWFLY MAY BE A week or two, that of a mouse a year, an Asian elephant’s fifty years, an African elephant’s seventy, and a human’s perhaps less than eighty. In general, the most active organisms have shorter lives, which puts trees at the top of the longevity list. “Methuselah,” a bristlecone pine in California, has been aged to 4,850 years, and worldwide several other trees are even older, including an oak of some 13,000 years. However, by far the majority of the trees in my forest live less than a year or two, making the average age of the species less than a year, because only one of perhaps hundreds of thousands of seedlings is fortunate enough to grow in the light and thus to survive beyond the tiniest seedling stage. Of those that do reach the light under the normally shaded canopy of their parents, lifetime is hugely extended. However, the maximum age varies greatly, depending on whether they are “canopy” or “understory” specialists. The latter generally grow faster but then live the fewest number of years before senescing and then being overtaken by those that can endure with little light for a long time, taking advantage of time and fickle fate for a chance in the future.

In my forest, the pin cherries live to only around twenty years, the sugar maples more than two hundred. The pin cherries, which colonize clearings, must grow fast and produce seeds quickly before they get overshadowed by black cherry, sugar maple, beech, ash, and oak. For most trees in the temperate region, the clock controls the annual senescence and death of their leaves. Unlike trees, animals are highly active most of their lives, except for a few of the slowest-growing living in cold or nutrient-poor environments. The oldest found so far is “Hafrun,” a clam (Arctica islandica) that was dredged off the coast of Iceland at the venerable age of 507 years. The annual growth ring in its shell showed it to have been born in 1499. (It was killed in 2006 to count those rings.) Other well-known “cold-blooded,” slow-moving animals include turtles, the oldest known being a Galápagos Islands giant turtle named Jonathan, now aged 188 years. Like the clam, he didn’t get to be that old by following a regular schedule of running or other exercise. Some of us may try to achieve longer, healthier lives by doing just that. I may be one of them with respect to health and happiness. Good health and absence of disease will of course prolong life. Running has not made me immune to aging, although it has increased my quality of life.

Many of us don’t run for fear of wearing out our body from stress, perhaps thinking we have an allotted number of heartbeats per lifetime, much as the seventeen-year cicada counts off exactly seventeen years of near inactivity deep underground and then, after emerging from the ground, flies and sings vigorously for perhaps a couple of weeks. My heart rate may jump from 34 to over 150 beats per minute when I run, and my father cautioned me in my teens about “running too much.” But I’ve hardly ever quit since then. Like others, I’ve run almost daily at various times to “get into shape,” but it was less to add more years to my life than to add more life to my years.

Either way, senescence is inevitable, and life spans are species specific, as is amply demonstrated in both animals and plants.

In temperate-region plants as well as tree frogs, spring peepers, and some insects, the clock triggers their physiology and behavior to prepare for survival in a frozen-solid death state, whereas for other insects it instigates the death of all adult individuals of the population, with survival restricted only to eggs, larvae, or pupae. In most species of wasps and bees, it induces the death of all males by fall; only the females hibernate and then, a half year later, resume their lives as lively as the year before. Although the male and sterile (female) workers of social bees such as bumblebees live only one year, honeybee queens (egg-laying females) live several years, and ant and termite queens decades. The near death of hibernation, from which resurrection is possible, in many diverse animals is under physiological control. It is an adaptive process, timed by biological clocks, and is relevant to humans, too.

Many of us experience the winter blues. They might be induced by photoperiod or some other environmental factor that has left its mark on us through the inheritance of a formerly adaptive trait. There is no known advantage for them now, but I suspect there once may have been, specifically in Neanderthal humans adapted to an ice age climate. The Homo sapiens species came out of Africa and spread north after the ice of various ice ages retreated. Recent genetic evidence indicates that there was interbreeding; many of us have some Neanderthal DNA. Most of us feel more energetic and our moods elevated in the spring, as though awakening from a low-energy period. Three percent of the population suffer from seasonal affective disorder (SAD), which begins and ends at the same times every year. So it seems to me that the logical remedy would be to hole up and sleep all day, most days. But the official treatment instead changes the environment rather than the behavior: it recommends increased exposure to light—a longer photoperiod—the signal used by most animals to regulate the circannual rhythm of activity versus hibernation, the period of sluggishness, apathy, and low energy. We don’t know what an arctic ground squirrel or a bear feels on entering its hibernation, but those animals’ behavior suggests an exaggerated SAD, one necessary for their survival.

Hibernation is a physiological stage that may in some cases approach clinical death, and it is a geographically linked phenomenon related to food availability. Northern bears fatten up in the fall, becoming sluggish and hibernating; southern ones remain active. In northern North America, chipmunks and woodchucks hibernate; gray squirrels and flying squirrels don’t. Red squirrels sometimes hole up underground for a few days in bad weather and then depend on cached food. But there are grades of sluggishness. Deer mice huddle together and lower their body temperature when it gets too cold, staying in their nests. Arctic ground squirrels become clinically dead if it gets cold enough. Their heartbeat becomes nearly undetectable, they are incapable of movement, and their body temperature may be at the freezing point of water. Some northern frogs go to the next level: they can freeze solid and are actually clinically dead, except that they can resume life as before if they are thawed. If we had the wood frog’s ability to prevent our cells from breaking by flooding our system with something that prevents cell damage, such as glycerol or glucose used by some hibernators, we, too, could freeze ourselves and theoretically live again. Continuing life works for us with the replacement of organs. Many insects do whole-body freezing and thawing routinely; in the high Arctic some spend nearly ten years just reaching the pupal state, freezing solid every winter, thawing in the spring, and having maybe a week or so of active life during which to grow in the summer. Are they dead or alive in between? There is no scientific answer; the question of when life begins and ends is sometimes
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