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INTRODUCTION





When I was a teenage boy in western Maine, I read the books of Jack London, books about a world of rugged people and hardy animals at home in the frozen woods of the north. Dreaming of that world, I ventured out into the forest on snowshoes, and if it was in the middle of a storm, all the better. Deep in the forest I would dig a shallow pit in the snow and using the papery bark peeled from a nearby birch tree and dead twigs broken from a red spruce, Id start a crackling fire. The splendor of sparks shooting up into the dark sky, the acrid smoke rising through the falling snowflakes, and hare or porcupine meat roasting on a stick over the flames, all enhanced the winter romance. Warming myself, I would think of Londons To Build a Fire, a story about how in the northern wilderness, heat meant life. To one unfortunate newcomer in the frozen Yukon in that story, the key to life was keeping dry and having a match, but because of careless mistakes, he got his feet wet and his fire and life were extinguished.


The trouble with that newcomer, London wrote, was that he was without imagination. He was quick and alert in the things of life, but only in the things. Not in the significances. Fifty degrees below zero meant eighty-odd degrees of frost[it] was to him just precisely fifty degrees below zero. That there should be anything more to it than that was a thought that never entered his head. The newcomer, the cheechako, knew about the abstract thing, frost, and the numbers. But he did not yet know what they meant. And with good reason, too, as were adapted to a tropical environment and maintain it around ourselves all year long, through our housing and our clothing. Most of us already feel uncomfortable experiencing 32F (or 0C), the temperature at which water turns into ice. What would we know of -50F? We dont experience such temperatures, so we can hardly imagine how animals survive; by the time the winter world descends, most of us have surrounded ourselves in an artificial tropics.


In my Jack Londonobsessed adolescent self, I may have occasionally experienced chilling, but it was not sufficient to grab my attention. I was focused on making each of my outings into the winter woods an adventure. I remember creeping out of my bed with two friends at school one midnight to ski in the milky moonlight through the pine and hemlock woods by Martin Stream, in western Maine. In our minds we were on the Dawson Trail in the Yukon, where we had to be tough. After all, anything could happen at the edge. In our imaginations we could fairly hear the huskies breath, and the dogs barking at a distant farm seemed like howling wolves. Just as London said, the northern lights flickered under greenish-purple curtains draping the heavens, giving legitimacy to our fantasies. A barred owl hooted nearby in the dark cedar swamp, snowshoe hares crisscrossed the balsam fir thickets in utter silence, and deer went on their errands over the ridges. Yet we were unconscious of the many other worlds of these creatures, and scarcely thought of how animals survived temperature extremes ranging down to -50C. Like the cheechako on his first winter, I was without imagination because I was without experience.


Each species experiences the world differently, and many species have capacities that are far different from ours. They can show us the unimaginable. Thus, the greater our empathy with a variety of animals, the more we can learn. For example, nobody on their own would seek to collect a fluid that is practically indistinguishable from water out of a specific kind of tree, then evaporate it to produce sugar. But the Iroquois, the native people of New York State, say that maple syrup was discovered by a boy who noticed a squirrel licking some maple sap at a wound where the water had evaporated. He had discovered a squirrels winter food. Curious, the boy tried the sap himself. Finding it sweet, he began the tribes use of a new resource. Similarly, prior to actually observing by eavesdropping with sophisticated electronic equipment, nobody would have suspected that bats see the world with their ears, that elephant seals dive down to a mile in depth and can stay down an hour, that moths can smell a mate from a mile away, or that birds fly nonstop across oceans.


One of the early theories (by nineteenth-century German biologist Carl Bergmann) that relates to the winter world, which is now enshrined as Bergmanns Rule, is that northern animals are larger in size than their southern congeners, to allow them to better conserve the body heat that is generally costly to produce. It is therefore perhaps not surprising that the worlds largest of the Passeriformes (the most common and species-rich group of birds), the common raven (Corvus corax), is a northern bird, and the largest individuals of this species live from Maine to Alaska. But as with most rules, Bergmanns applies only if everything else is equal. It never is; the worlds smallest perching bird shares the ravens northern range, even in winter, and it weighs as little as 1/325 the weight of a large raven. This northern companion to ravens, the golden-crowned kinglet (Regulus satrapa) weighs in at about 5 gramsthe same as two pennies. It is scarcely larger than a ruby-throated hummingbird or a pygmy shrew, yet it appears to thrive in the northern winter woods. I saw these tiny birds on my boyhood excursions into the winter woods of Maineand I see them now, and am still amazed when I step out in the morning after a cold night and Im greeted by them. Our fragility in the cold makes the survival of these tiny creatures all the more miraculous.
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Golden-crowned kinglets.


Sigund F. Olson wrote in Reflections from the North Country: If I knew all there is to know about a golden arctic poppy growing on a rocky ledge in the Far North, I would know the whole story of evolution and creation. He could have substituted the kinglet for the poppy. Kinglets are drab-colored birds with a flaming red, yellow, or orange crest. When excited, kinglets can suddenly flash their bright crest out of their olive-colored head feathers. They are one of the most common yet least-known forest birds living in the Northern Hemisphere. When I see a kinglet hopping through a densely branched spruce tree covered with pillows of snow, I often imagine myself in its place, wondering how it experiences its world. Having a circumference of about the size of a walnut, the rate of heat flow from the body is increased over a hundredfold from what it is in my human state. The world is suddenly that much colder, and a fate of freezing to death in the northern winter becomes an almost nightly possibility. However, the wonder and the marvel of how kinglets survive cannot be understood or appreciated except when viewed through the window of the adaptations found in the numerous other animals that share its winter world. It is their special means of coping that form context and continuity for the mystery of how kinglets survive subzero temperatures. Each species opens, as Edward O. Wilson has said (in The Future of Life), the gate to the paradisiacal world that is a wellspring of hope. I agree: If kinglets can do it, then anything seems possible.


Only if I knew how and why a golden-crowned kinglet survives a Maine or an Alaskan winter would I understand the story of winter survival. Like other animals of the north, its life is played out on the anvil of ice and under the hammer of deprivation. For those that endure until spring, existence is reduced to its elegant essentials. The kinglet is thus iconic not only of winter, but also of adaptability under adverse conditions. This bird symbolizes astounding and ingenious strategies that animals have evolved for coping in the winter world. It is emblematic of the winter world that I will here explore, since its diminutive size and its presumed diet of insects, when insects are hidden and in hibernation, combined to produce an unsolved mystery. For me, it was the kinglet that led me further and further into the winter world of the north woods, and into this book, spurring me on to find the miraculous.












A NOTE ON TERMS AND DEFINITIONS





Terms help and sometimes almost define what we think. However, as much as possible I have tried in this book to let empirical reality be the ultimate arbiter, with terms serving only as handy abstractions to encapsulate concepts. Unfortunately, concepts change and keep changing as new information becomes available, so that the terms should change as well. Throughout this book I have used terms that have had various meanings at different times and to different people. To minimize potential confusion and partly as a review, I here try to clarify some of these terms that refer to the winter adaptations of animals.


In Winter World, I primarily use the Celsius scale to measure temperature. For weights and lengths, I use the U.S. as well as the metric system. For those readers who need to brush up on converting between Celsius and Fahrenheit or between U.S. and metric measures, here are a few quick formulas: 1 ounce equals 28.35 grams, and 1 inch equals 2.54 centimeters.


Since so much of Winter World is about temperature, fuller Celsius to Fahrenheit conversion details are given in the scale that follows:
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Converting Celsius to Fahrenheit.




Most of the other terms in the book relate to hibernation, and even this term has caused confusion because of assumptions associated with it. Traditionally, hibernation simply meant winter inactivity, and it thus applies equally to frogs that have buried themselves in the mud under the ice, some insects and other frogs that are frozen solid while above ground, bears lying in their dens while maintaining a high body temperature, or ground squirrels and bats spending most of the winter with a low body temperature but periodically warming themselves up to be active for a day or more.


Hibernating animals are most (but not necessarily all) of the time in torpor, a state of inactivity achieved primarily (but not exclusively) by a greatly lowered body temperature. Hibernation refers specifically to an evolved suite of adaptations to the winter season, whereas torpor can either be a pathological breakdown of temperature regulation, or an adaptive response for conserving energy. Its duration can be for hours, days, or months.


After it became known that winter torpor, by setting down the bodys thermostat, can be adaptive for warm-blooded animals, then low body temperature became almost the defining characteristic of hibernation. Precisely the same mechanism of adaptive torpor was then observed in some animals that survive not only winter conditions, but also inhospitable seasonal conditions in the desert. In this new context the hibernation physiology of torpor was then defined as aestivation.


Initially, the strict definition that joined the mechanism of hibernation (or aestivation) to body temperature implied that only mammals (and potentially birds) hibernated. However, since other animals that never regulate a high body temperature also engage in adaptive winter inactivity, a new term had to be invented, or else the old one needed to be discarded. The solution was to invent still a fourth term, brumation. Coined in the 1970s, this term refers to winter sluggishness or torpor of presumably cold-blooded amphibians and reptiles. Later still it became widely known that some mammals and some birds routinely enter torpor to conserve energy, not just seasonally but also on a daily basis in summer. The behavior/physiology of torpor could then no longer be retained as the defining characteristic of hibernation even in the warm-blooded animals. Finally, as ever more numerous and varied ways of surviving winter were discovered, an all-inclusive definition of hibernation has become out of reach.


Body temperature turned out to be an especially inappropriate criterion for defining hibernation because many insects, presumed to be cold-blooded, were found to regulate at times the same or even higher body temperature than the majority of birds and mammals. Like birds and mammals that at times allow body temperature to decline, they shiver (simultaneously contract opposing muscles otherwise used for locomotion to produce heat but little movement) so that they can become capable of rapid movement, in this case flight. Other insects stay active without ever heating up, either by shivering or by basking (increasing body temperature by orienting to capture solar heat rather than by shivering), and a few are even active with a body temperature at or slightly below the freezing point of water.


Activity and body temperature, as relating to the winter world, cannot be understood without rudimentary knowledge of the physical properties of water, and concepts and terms such as freezing point depression, antifreeze, ice-nucleation sites, thermal hysteresis and supercooling that will crop up later in the text and that I here foreshadow. In general, the freezing and melting points of water are the same temperature. For pure water it is common knowledge that solid-liquid transition occurs at a point defined as 0 on the Celsius and 32 on the Fahrenheit scale. (I shall refer primarily to the international, Celsius scale.) Solutes in water lower the freezing point predictably; adding one mole (molecular weight, which is a specific number of molecules) of any substance to a liter of pure water, for example, lowers the freezing/melting point by 1.86C. Many animal adaptations to the low temperature in the winter world relate to physical tricks of altering the predicted freezing point, by exploiting other physical phenomena associated with the freezing/melting point of water. First, the freezing/melting point depression is not always strictly a function of the molar concentrations of the dissolved substance in the water. Some substancesthose special ones we call antifreezeinteract with the water molecules and cause a freezing point depression (lowering of the freezing point) that is greater than that predicted by concentration alone. An even more important phenomenon that some animals (especially insects) exploit is the separation of the freezing from the melting points. This anomaly is called thermal hysteresis. When a solution of water (regardless of whether it is pure or has solutes that may or may not be antifreezes) is in the liquid state when at a temperature below its predicted freezing point (i.e., in thermal hysteresis), then it is defined as being supercooled. Normally ice crystals form on and around some molecule or other ice crystal, and supercooling of a liquid is possible only in the absence of so-called nucleation sites around which ice crystals grow. Adding a nucleation sitesuch as a single ice crystal or a dust particleto a supercooled liquid results in it all instantly turning into ice; and since supercooled liquids are not in a physically stable state, they can potentially freeze at any moment.


Another (nonexclusive) term sometimes used for overwintering insects is diapause, which is, however, more strictly defined as an arrested state of development. All insects are in arrested development when they hibernate (in part because low temperature, if not also freezing, retards or stops biochemical processes unless special mechanisms are invoked to circumvent the cold), but they are not strictly in diapause unless they do not respond with resumed development as soon as they experience warming. Many (but by no means all) moths arrest their development in the pupal stage during late summer and fall when it is still warm, and then hibernate as diapausing pupae. Others, depending on the species, hibernate in the egg, larval, or adult stage. Special adaptations are required for arresting development and combine with other traits for withstanding the cold during overwintering. Diapause also occurs in the absence of hibernation. For example, some adult insects enter reproductive diapause in the summer when they migrate or search for host plants.


The muddle in terminology of what hibernation means can be avoided if hibernation is defined not in terms of body temperature or some other specific physiological or behavioral phenomenon characteristic of a given species, but in terms of its adaptive function. In most animals hibernation and/or aestivation are seasonal periods of adaptive torpor that allow the animal to survive regularly occurring famine. Cold, heat, and aridity are factors that exacerbate the seasonal famine that hibernation has addressed through the evolution of various adaptations.


Even more confusion of terminology could be avoided by realizing that making ever more precise or restrictive definitions does not generate greater precision in the understanding of any animal. Animals are dynamic. Each animals choices fit in somewhere in a long continuum of almost anything that can be measured or imagined. Different terms may apply in any one animal in varying degree, depending on circumstances, but ultimately the species, and often the individual, fashion their own solutions to fit the situation or the occasion. We gain understanding not so much by lumping and defining, but by differentiating the specifics from the generalized features. The latter have a tendency to become enshrined as rules or laws that are ultimately statistically derived descriptive artifacts. But animals dont follow rules or easily allow us to pigeonhole them into convenient intellectual boxes. A rule is nothing more than a consistency of response that we have deduced animals exhibit because it serves their interests. Rules are the sum of decisions made by individuals. They are a result. The chaos, and the art, of nature remains.
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FIRE AND ICE





Microscopic life evolved some 3.5 billion years ago in the Precambrian period during the first and longest chapter of life that covers about 90 percent of geological time. No one knows exactly what the earth was like when microbial life began, but we do know that at some time the earth was a hot and hellish place with an atmosphere that lacked oxygen. Early microbes, probably blue-green algae or bacterialike organisms, invented photosynthesis to harness sunlight as a source of energy. They took carbon dioxide out of the air as their food, and they generated oxygen as a waste product that further transformed the atmosphere and hence the climate. They developed DNA for storing information, invented sex, which produced variation for natural selection, and evolution took off on its unending and largely unpredictable course.



Molecular fingerprinting suggests that every life-form on earth today originated from the same bacterialike ancestor. That ancestor eventually led to the three main surviving branches of life, the archaea, bacteria, and the eukaryotes (the organisms made of cells with a nucleus that include algae, plants, fungi, and animals).


Remnants of the first ancient pre-oxygen-using life may still exist little-changed today. They are thought to be sulphur-consuming bacteria now living only in the few remaining places where the ancient and to us hellish conditions still remain. These habitats include hot springs and deep oceanic thermal vents where water at 300C (that stays liquid there rather than turning to steam because it is under intense pressure in depths of some 3,600 meters) issues up from the ocean floor. One of the species living at the edge of these hot water vents is Pyrolobus fumarii, which cant grow unless heated to at least 90C, and which it tolerates 113C. As the earth cooled new environments became available and new single-celled and then multicelled organisms evolved from these or similar species to invade ever-new and cooler environments.


Some cells much later also escaped their ancestral conditions by invading other cells, finding that environment conducive for survival and adapting to it. Such initially parasitic organisms ultimately evolved into cooperative or symbiotic relationships with their hosts. Perhaps the most fateful of these eventually mutually beneficial associations occurred when some Precambrian green algae successfully grew inside other cells, to ultimately become chloroplasts, while their hosts then became green plants.


The ability to capture solar energy that ushered in the multicellular life and the fantastic diversity of life we see today was followed by or concurrent with one other critical parasitic-turned-symbiotic cellular invasion. The availability of oxygen from plants led to energy and oxygen-guzzling bacteria, and when some of these invaded other cells they became mitochondria and their hosts became animals.



Mitochondria are the cells source of power or energy-use, and having mitochondria with access to oxygen allowed vastly greater rates of energy expenditure. It made the evolution of multicellular animals possible. One of the ultimate expressions of the high-energy way of life that is powered by the use of mitochondria is, of course, animals like the kinglets that maintain a liveness at an, to us, almost unimaginably high and sustained rate through a northern winter.


The metabolic fires generated by the mitochondria can be fanned to run on high, given the availability of much oxygen, or they may be turned down low. Life is the process that harnesses, and more importantly, controls that fire. It produces heat, and heat is often synonymous with life.


Temperature is, to us, a sensation measured on a scale of hot to cold. Physically, it is molecular motion, and we can measure it with a thermometer because the greater the motion of the molecules of a substance, say mercury, the farther apart they are spaced. We measure this molecular expansion as mercury (or some other liquid) in a column is displaced up a calibrated scale. The molecular motion, as such, is not life but a prerequisite for it.


Heat, on the other hand, is the energy that goes in or out of the system to change temperature. Some substances must absorb more energy (from the sun for example) before their molecules are set into motion, raising the temperature. One calorie is the unit of energy defined to raise one gram of water one degree Celsius. Substances, like rock, heat up with much less energy than that required to heat water. Again, energy is not life, but a prerequisite for it, and life is insatiable for it. What is truly miraculous, therefore, is that life continues and even thrives in winter, when the sun is low.


There is no upper limit of temperature. Within our solar system, the surface temperature of the sun is about 6, 000C; the center is about 3, 000 times higher, or 18, 000, 000C. The lower temperature limit in the universe, on the other hand, is finite. Its the point at which all molecular motion stops and the heat energy content is zero. That temperature precludes living, but from adaptations to the winter world that I will discuss, it need not destroy life. Life can, at least theoretically, persist on hold at the lowest temperature in the universe.


Our Celsius scale is defined as a 100-arbitrary-unit division of heat energy content of water, between when water molecules leave the crystal structure to become liquid (0C) and 100C when the liquid water boils at sea level. The zero energy content of matter, or lowest temperature limit in the universe, is defined as 0K on the Kelvin scale and it corresponds to -273.15C or -459.7 on the Fahrenheit scale. Since life as we know it is water-based, the active cellular life that most of us are familiar with is restricted to the very narrow temperature range between the freezing and boiling points of water (which vary somewhat depending on pressure and presence of dissolved solutes) where the controlled rates of energy use become possible. We are composed mostly of water, and when the water in our cells freezes, i.e., turns into ice, it shreds membranes and kills.


Water influences life as profoundly at the ecological level as it does at the cellular level. Every fall in the North Temperate Zone we can observe the ecological effects of the various physical properties of water. Most of the creatures of the earth experience water as a transparent liquid that runs downhill and that can only be contained by barriers. For part of the year some of us also see water as a white powdery matter that sticks to the trees and the sides of the hills and that makes the woods look like a fairyland. This substance can be stacked into piles, tunneled into, and made into dwellings for man and beast. It can accumulate and become so dense and deep that we cant walk through it. It can shut out the light to plants and may crush them. In northern areas, when the tilt of the earth is appropriate, it may collect over long periods of time to create glaciers that transform the landscape, grinding down mountains and valleys. With a difference of just one degree Celsius, or less, water also can become a clear, glasslike substance that seals over the surface of lakes and allows us to walk across them with impunity.


The fate of almost everything in the winter world is ultimately determined by the crystallization of water. In a matter of a few hours that crystallization can change the physical surface of the earth, and in the course of millions of years it has profoundly changed the physiological, morphological, and behavioral characterizations of all organisms that have to contend with that magic transformation of liquid to crystal.


Every fall the winter world creeps up gradually and inexorably onto those inhabiting the Northern Hemisphere. As it does, the nights get progressively longer and colder. Less energy from the sun reaches the ground. First the water in topsoil freezes to form a solid cover (unless its already snow-covered). The swiftest-flowing streams and brooks are the last to freeze over because the cold airwater interface constantly mixes. The cold that causes the water to freeze comes from the air just above the water. The water is at least slightly warmer. When the water is stirred (as in swift-flowing streams), the surface doesnt cool down to 0C so quickly.


One night the inevitable happens: the bodies of water freeze solid. The temperature drops enough for water molecules on marsh grass stems, twigs, and leaves floating at ponds edge to slow their molecular momentum enough that they drop into stable crystalline positions. The stems, twigs, and leaves then serve as nucleation sites for ice-crystal formation. Like billiard balls rolling into pockets, the water molecules lock into position, first indiscriminately on any object they encounter, then on other molecules that have come to rest, forming an ice lattice. What little energy these molecules had left is now released as heat, the heat of fusion, 76.7 calories for every gram of liquid water turned to ice. (This heat is not enough to cause any appreciable temperature rise in the pond or lake because it is so quickly absorbed by the much larger mass of water. However, the sudden freezing of a small droplet isolated from others often causes an appreciable exotherm of several degrees Celsius.)


The ice crystals being formed reach out like sharp fingers over the surface of the water. They meet, interlock, and by morning the whole pond may be covered with a transparent pane of ice that physically separates the water denizens from those on land. Quite overnight, one can literally walk on water, a capacity obviously less a function of supernatural abilities than of the physical properties of water at temperatures below 0C.


There is something quite remarkable, simple, and yet profoundly important that happens when water turns to ice in a pond. Compare this with what transpires when water turns to ice in a cloud. In a cloud, the ice crystals fall because water and ice are heavier than air and the gas phase of water. However, water becomes lighter when it transforms from a liquid to a solid state. If this were otherwise, then ice crystals would sink as soon as they formed on the surface of a pond. Heat near the bottom of the water would at first continually melt the ice crystals coming down, but at some point temperatures near the bottom would reach 0C and lower. The water would then freeze from the bottom up, rather than from the top down. The ecological consequence of this phenomenon would be that there would be no bodies of water in the north. Sunshine in the summer would melt only the upper layers of ice, and any aspiring body of water would soon become a huge permafrosted ice lens.


Another ecologically important aspect of the behavior of water is that its density changes with changing temperature. Cold water is denser than hot water, and so cold water sinks as hot rises. As is also true for air. But, in water, the change is not so uniform. Water becomes densest at 4C. As a result, when lakes warm up in the springtime from 0 to 4C, as the ice melts, the surface water sinks. This denser water displaces the colder bottom water and its nutrients, which then rise toward the surface and feed the life above.



Geologically, the earth has experienced regularly recurring ice ages that are dependent on an astronomical cycle of the earths tilt (Imbrie and Imbrie 1979). This, the Milankovich cycle (named for its discoverer, Milutin Milankovich), is currently in a cooling period that began seven thousand years ago. But at the present time we are experiencing global warming instead, because the cooling effect of the astronomical cycle is being overridden by a human-induced climate change. The burning of fossil fuels produces carbon dioxide gas that is accumulating in the atmosphere at a greater rate than it is being absorbed by forest trees and other plants. The carbon dioxide acts as a thermal blanket, trapping solar heat. Unlike the astronomical cycle, which is gradual and permits evolutionary adaptations, this new phenomenon in the history of planet earth is sudden. It will affect kinglets, and us.
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SNOW AND THE SUBNIVIAN SPACE





Sometime early in October the brilliant foliage comes to rest on the forest floor. And then one morning those leaves are encrusted with the white ice crystals we call hoar frost. A few weeks later the first snowflakes, the conglomerates of innumerable snow crystals formed in the air, may come spiraling down out of a darkening sky. Kids of all ages focus on the largest ones and make a game of maneuvering under them to try to catch them on their tongues.


Wilson Alwyn Bentley, or the Snowflake Man as he came to be known, also caught snow crystals on microscope slides. He lived on his familys homestead in the village of Jericho, Vermont, along with his brother Charles, their parents, their grandparents, and later Charless wife and their children.


Life on the farm revolved around the chores and seasons, and on February 9, 1880, on his fifteenth birthday, Wilson received an old microscope as a gift from his mother. It changed his life. I found that snowflakes were miracles of beauty, he would say later. Every crystal was a masterpiece of design, and no one design was ever repeated.


As a result of Bentleys writing and photography on the subject, every schoolchild is now taught that no two snowflakes are alike, although he pointed out that it is not difficult to find two or more crystals that are nearly, if not the same, in outline. Snow crystals were to him a metaphor for earths beauty. They were a road to fairyland so that even a blizzard becomes a source of keenest enjoyment and satisfaction, to man, as it brings to him, from the dark, surging ocean of clouds, forms that thrill his eager soul with pleasure.


Prior to Bentley, scientists and naturalists had commented on the structure of snowflakes, marveling less at their variety than at their six-cornered shape. In 1610, Johannes Kepler (famous for many discoveries, including the planets elliptical and not circular paths) is credited with first questioning why, whenever snow begins to fall, its initial formation invariably displays the shape of a six-cornered starlet. Im not sure we have the answer now, but I assume that the six-arm configuration somehow relates to the most economical way that water molecules align when forming the crystal, when that crystal is free to grow in all directions in the air.


At the age of seventeen, Bentley merged the powers of his microscope with that of the newly developed camera, to realize his dream of capturing images of the snow crystals beauty. In a near miracle his father consented to pay the one hundred dollars it cost to purchase the elements required to fashion a primitive camera. Bentley struggled for weeks, experimenting, before on January 15, 1885, he developed the worlds first photo-micrograph of a snow crystal, in the woodshed of the family farm.


Bentley eventually needed to share his photographs with someone who might appreciate them, so he traveled ten miles down the road from his farmhouse to the University of Vermont in Burlington to see Professor George Henry Perkins, a biologist, ecologist, and longtime teacher there. Professor Perkins was amazed at the quality of Bentleys work and told him that he absolutely had to write about it and show his snowflakes to the world. Bentley went back home and tried to write, but gave up in frustration. He went back to Perkins, appealed to him to put words to his photographs, and in 1898 an article by W. A. Bentley and G. H. Perkins titled A Study in Snow Crystals appeared in Appletons Popular Science Monthly. Perkins, not only a scholar but also a gentleman, wrote that although he put the pages together from Bentleys notes and photographs, the facts, theories, and illustrations are entirely due to [Bentleys] writing and enthusiastic study.


The article launched Bentleys lifelong career studying snow crystals; it apparently unlocked his writers block as well. He went on to write fifty popular and technical pieces on snow, culminating with a book, Snow Crystals, in 1931, the year of his death, in which he published more than 2, 500 of his 5, 000-plus photographs.


A snow crystal is only the beginning of what makes snow. Snow flakes are composite masses of often hundreds of snow crystals that have collided on their long journey down from the clouds. The final size of a snowflake before it comes to rest depends on various factors including the numbers of crystals issued per cloud, the distance traveled, and the temperature. Snow falling early in the winter usually forms the largest flakes. Later in the season, when temperatures are lower, the ice crystals spawned by the clouds adhere to one another less readily. These crystals in colder air are brittle and constant collisions on the way down degrades them or smashes their intricate and beautiful structures. Arms of the crystals break off, and these tiny ice spicules then make up the snow. Driven by the wind, the ever more degraded crystal fragments are then packed into a tightly interlocking lattice on the ground that at low enough temperature, near -30C, has the texture and appearance of Styrofoam. Indeed, walking on such snow at -30C or less has the feel, and produces the sound, of walking on Styrofoam. It is the building material that is carved into blocks and has been used for centuries to construct winter homes.


Packed snow has superb insulating properties. An igloo efficiently retains warmth generated by a small oil-lamp and human bodies, while it effectively blocks the infinite heat sink of the sky above. Wind cannot penetrate its walls, even as oxygen and carbon dioxide freely exchange through the snow and the entrance tunnel. The tunnel reduces air convection, such as from wind, and at the entrance to the igloo the Inuit create an air lockraised area that reduces the inflow of the colder and heavier air that hugs the ground. Typically, this raised area is covered with caribou hides.
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Ruffed grouse that has tunneled into the snow to sit out the night or a snowstorm.


Snow also provides shelter at night for many kinds of birds, ranging from Siberian tits, ptarmigan, and ruffed grouse that burrow in and create igloolike snow caves. The birds leave tangible evidence that they sometimes tarry a long time in these snow shelters; I have found over seventy fecal pellets within a single ptarmigan snow cave near Barrow, Alaska, and in the Maine woods I routinely find over thirty where a ruffed grouse has spent the night. Often these birds also stay the day in their shelter, because on snowy, cold days I have flushed them out from underfoot under the snow even at noon.



From all appearance, many northern birds are excited by snow, especially that of the first snowstorm of the year. Both ravens and ptarmigan then become visibly animated, rolling, sliding, and bathing in the fluff when it is not yet packed. Owls, crows, finches, tits, and kinglets also bathe in snow (Thaler 1982).


Snow has been such a constant feature of their environment that many northern animals have become well adapted to it and now depend on it. Perhaps none depends on snow more than the snowshoe hare. The size of this hares tracks are all out of proportion to the animals size. As a result of its low foot-loading, the hare can walk, hop, and run very near the top of the fluffiest snow. As a consequence, the more that snow accumulates throughout the winter, the more easily the hare can reach its food, the fresh twigs of small trees and brush. Thus, the twigs feed the hares, who are in turn reincarnated into fox, bobcat, lynx, fisher, weasel, great horned owl, goshawk, and red-tailed hawk. Yet despite the hares rapid recycling into other lives, their populations persist because of tricks of individual survival coupled with a legendary reproductive potential. (A female hare may have four litters per year, with up to eight young per litter. The young are furred when born and almost ready to run and soon ready to reproduce.)


Regardless of how fast the hares reproduce, it would not take long for the predators to deplete them if it were not for their camouflage. The snowshoe, also called varying hare, changes from brown to a coat of pure white fur in winter. However, the more effective the camouflage is for one season, the less effective for another, and a hares trick to survival requires getting the timing just right. It is hard to be exact in when it is best to become white or brown, because the coat change requires a month or more, and a snowstorm can transform a landscape in minutes. Proximally the hares timing is determined by day length, but ultimately it must be dictated by the average time that the ground is snow-covered; the timing of the genetically fixed color change of locally adapted hares necessarily reflects the historic patterns of when there was snow cover because off-color hares are the first to be eaten and have their meat be reconverted into the next life, that of predators.


In the woods in western Maine the hares are almost all white by the end of November, the most usual time that there is continuous snow cover. However, in some years when the first snowfall is late, the hares show up for the whole duration of that lateness as if they had been marked in hunters fluorescent orange. Within a few minutes after it snows, however, they become practically invisible. I doubt that a hare knows whether or not it is invisible because the totally white hares Ive seen on brown background made no apparent effort to hide. Nevertheless, they could still have some change in behavior that compensates for their inability to accurately time the molt with snowfall events. For example, I routinely see almost no hares tracks in the woods of western Maine after early snows in late October and early November, although their tracks are common in the same year and at the same sites in December. I had first suspected that the hares might migrate, until I happened to walk one November up on the ridges of Mount Bald near my camp. A hare could get up there in minutes. Here in the spruces near the top, I suddenly found many hare tracks, making me wonder if the molted animals move up into the hills where the snow comes earlier, and then later come down after the first snow falls in at the swamps, their preferred habitat.


In March the hares white fluffy winter fur begins to drop out and is again replaced with the summer brown. Golden-crowned kinglets take advantage of this fortuitous timing of the hares coat change to gather the cast fur for insulating their nests.


The hares winter survival depends not only on ability to hide, but also to run when needed. Unlike many animals in winter they can and do stay lean, accumulating essentially no body fat, because food is almost always within reach and food energy need not be stored. Being lightweight and big-footed gives them an advantage for moving quickly on the snow. But sinking in even a little bit slows a runner down. Yet there is a limit to how big the feet can be before they hinder rather than enhance running speed, and snowshoe hares are probably already close to as light-and big-footed as they can get. They have, however, another behavioral trait that is apparent at a glance (the patterns of their tracks in winter woods): hares follow others tracks and thus pack down the snow, making well-trodden highways. Hares traveling along these paths then clip the twigs along the way, and knowing the paths well, get the jump on any predator giving chase.


The snow can be an enemy, too. Small animals in the subnivian zone, that area in or under the snow, can at times be sealed in when the upper snow surface melts in the sun and then freezes at night into a solid crust. Grouse sometimes get trapped under the crust and become prey to foxes. Shrews that emerge onto the crust and do not quickly find a hole back down to safety, may be taken by a predator or simply freeze to death.


Polar bears have nothing to fear from the crust. They dig their dens into drifts of snow where they have their cubs, suckling them in warmth and safety, and hibernate for the six months of the arctic winter. My Winter Ecology students, like polar bears and Athabaskan hunters, also make temporary shelters in mounds of snow.


Every winter I take ten to thirteen students with me to my camp in the Maine woods, where we live in my homemade log cabin (two-story) that is without electricity but with a woodstove. We get water from snow we melt, or from a well at some distance. We bake our own bread and have been known to fry our own voles. We take long unstructured walks through the woods in the first week. In the second two weeks everyone settles on an independent research project that I guide. The hard part comes when everyone gets back to campus during the spring semester and analyzes their results and writes their scientific reports.


Building snow shelters is not one of the official projects. But we occasionally make them nevertheless. We start by heaping up a great pile of snow. A few hours after the snow has been heaped up, ice crystals interlock and combine to make a solid mass that can then be excavated to produce a snug and warm cave for overnighting.


Near the top of any snowpack, the snow gets denser as the crystals bond together. Meanwhile, close to the ground, where it is warmer than at the surface, water vapor from disintegrating snow crystals migrates upward and recondenses and freezes onto the upper snow pack crystals. In time, the growth of the upper ice gains at the expense of the lower, and a latticework of ice pillars and columns and extensive air spaces at ground level create the subnivian space that is, in a sense, a continuous snow cave inhabited by mice, voles, and shrews.


Within this space, temperatures are physically regulated within a degree or two of the freezing point of water, all winter long. Several factors are involved. First, as already mentioned, snow affords remarkable insulation and, even at -50C, heat rising from the earth generally keeps the temperatures near the ground close to 0C. When both ice and water are balanced at near 0C in the subnivian zone, the temperature is stabilized since whenever heat is lost through the snowpack to cool this space slightly below 0C, there is then a water-to-ice-crystal conversion, which releases heat. Similarly, whenever ice turns to water, the process requires or uses up heat. Thus, as long as both ice and water exist side by side, they constitute a thermostat keeping temperatures constant. Only the amounts of ice and water vary, depending on the amount of heat loss or input.


In New England, the subnivian zone is the home of voles (a type of short-tailed mouse): principally the meadow vole (Microtus pennsylvanicus) and the red-backed vole (Clethrionomys gapperi) as well as the masked shrew (Sorex cinerius), smoky shrew (Sorex fumeus), pygmy shrew (Microsorex hoyi), and short-tailed shrew (Blarina brevicauda). Every spring, right after the snow melts, or just as the last inch or two is melting, I see the labyrinth of the Microtus tunnels fully exposed on the surface of the ground. Also fully exposed lie the grass nests of these rodents, many of which will soon be occupied by bumblebee queens starting new colonies.

[image: page39]

Mice in the subnivian zone, eating bark.


The spring of 2001 provided an especially impressive demonstration of the importance of the subnivian world to meadow voles. Record amounts of snow had fallen in March in Vermont, and the voles appeared to be having a population explosion. Like lemmings, their close relatives, meadow voles have an awesome reproductive potential. One well-fed captive vole produced seventeen litters in one year, averaging five babies each after twenty-one-day gestation periods. The young females, in turn, can produce their own litters in one month. At such reproductive potential, it would not take long for them to carpet the earth. Luckily, such horrors of exponential growth are seldom realized. Instead, the voles role in the economy of nature is, like that of hares, to convert vegetation into the protein-rich dietary staple of many predators that rely on them in winter, principally foxes, weasels, fishers, coyotes, and bobcats. The summer shift includes hawks and snakes.


In some areas all of the young sugar maple trees, box elder, and white ash trees were debarked right up to the snow line, but never above it. The tree damage caused by voles in winter is well known by orchardists, who would lose their young fruit trees every winter if they did not in the fall cover every one of their young trees in an artificial barklike commercial plastic stripping up to the level the winter snows are expected to reach. I learned this the hard way when I planted apple trees in the field by my cabin; by spring, every single one was stripped of bark for a foot above the ground, in what had been the subnivian zone in the winter. Older trees, once they have developed a thick layer of their own bark, are protected. The cambium, or inner live layer of bark of trees, is a favorite food of many herbivores, and the thick outer dead layer is essential armor. Like most armor, its usefulness is only apparent in time of need. For trees, the greatest need for thick bark is in the winter when more easy-to-eat foliage is not available.


Due to the protection of the snowpack and the cozy subnivian zone under it, voles are able to get a jump on spring and reproduce sometimes two to three months before the snowpack has melted. Wild spring flowers of many kinds also get an early start in the relative warmth of the subnivian zone under the snow. Some, like the snowdrops in our gardens, grow in March under the snow and send their flowers directly through the snow.


Peter Marchand, a winter ecologist who has extensively studied snow cover at the Center for Northern Studies in Vermont and elsewhere, has wondered how organisms that are buried under snow get their cue to start growing or breeding. How do they know, as they appear to, that the snowpack is about to melt off? Do they sense the sunlight? To investigate this problem, Marchand and his students studied the light-transmitting properties of the snowpack, finding that as the snow became increasingly more compact, it extinguished more and more light. But only up to a point. To their surprise, they found that when they mimicked the melting and refreezing that occurs in the spring when snow density increased, the snowpack became almost icelike in consistency. Then, despite or because of its greater density, it transmitted more light. Marchand speculates that this snow-penetrating light is sensed by the voles and stimulates them to start reproducing, thereby giving them their legendary reproductive potential. Alternatively, the plants detect the light first, and by growing, produce chemicals that then give the animals that eat them an indirect cue that then stimulates their reproductive activity.


For some animals in the winter woods, the subnivian zone is never totally separate from the subterranean zone. If it were fully separate, then few small mammals would survive the winter, because in some years subzero temperatures occur a month or two before there is an appreciable layer of snow. During these times, the shrews and voles inhabit the space under the leaf mold, or they live in rotting stumps that are riddled with cavities. At times they also burrow into the soil, living beneath the frost line. Still other animals, such as the molelike short-tailed shrew and the star-nosed mole and its cousin, the hairy-tailed mole, stay there permanently. The presence of the subnivian zone merely raises the frost level and allows them to be closer to the surface of the ground, where there are likely more insect prey.


While the snowpack is a haven for many small animals, it provides a severe challenge to the larger ones that hunt them for a living. Some predators would be unable to live in the north in winter if it were not for their specialized ways of hunting the subnivian prey. These winter-active hunters include the aforementioned weasels, foxes, and coyotes, and the great gray owl.


Foxes and coyotes locate mice by sound and pounce on them by crashing with their front paws through the snow. Their bouncing collapses the rodents tunnels, temporarily trapping the intended victim. Great gray owls (Strix nebulosa) also have acute hearing and can detect a meadow voles movements under snow from thirty meters away. Drawing near one, they plunge from twenty-five feet in the air, and with their balled-up feet can punch through crust thick enough for a person to walk on. They then catch the mice that are temporarily detained by the collapsed snow by repeatedly clenching their toes, sifting through the snow with their long talons. Great grays are among the largest of all owls, being nearly three feet tall, but a large part of their bulk is composed of thick layers of insulating feathers. They are not as powerful as great horned and snowy owls that specialize on hares. In calm weather the grays hunt both at night and during the day, and temperatures as low as -43C do not cause them to leave their northern haunts. They do leave regularly, though, when their prey is depleted due to disease or overhunting. Rodent population crashes in one area do not preclude population explosions in another, and so the owls wander widely. So I too wander, a hunter of winter marvels.
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