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For Jeannie, who delighted in my nature and bird habit and who encouraged me to write the bird book: love always.
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PREFACE


I'm holding an ivory-billed woodpecker in my hands, a mounted specimen in the ornithology collection of Harvard University's Museum of Comparative Zoology, talking about why woodpeckers peck. And standing next to me is a three-foot-tall section of a bald cypress tree in which an ivory-billed woodpecker has pecked out a nearly two-foot-deep cavity nest.

The woodpecker is somewhat tattered but still magnificent, with a red crest, white edging on its wings, and, of course, an ivory bill. I'm delighted because I love birds (an ivory-billed woodpecker!) and natural history, but at the same time I can't quite believe what I'm doing. I'm a professor of materials science and engineering at MIT, and I never thought I'd be holding an ivory-billed woodpecker, even a museum specimen. I'm here with colleagues from MIT's online education department, making a video about how woodpeckers avoid brain injury when they peck, a project that combines my love of birds, engineering, and teaching.

Birds are amazing.

Consider their feathers, which do so much with color (figure 0.1). They shimmer on the neck of a ruby-throated hummingbird. They glow a brilliant orange on the breast of a Baltimore oriole. On the body of the eastern screech-owl, they match the color and texture of tree bark, creating almost perfect camouflage.

[image: A ruby-throated hummingbird with its iridescent throat, a Baltimore oriole with its orange belly, and an eastern screech-owl perched in a tree hollow, its feathers providing camouflage.]
FIGURE 0.1 
Feathers provide color and camouflage. [All Alamy.]

And they do so much more. They define the shape of the wing, making flight possible. They insulate against the cold and repel water, allowing eiders, famous for their down, to breed in the Arctic and to winter off the coasts of Newfoundland, Nova Scotia, and New England. They even control sound. The ruff feathers on the face of a barn owl gather sound and direct it to the owl's ears, enabling it to detect prey entirely by hearing, in total darkness—and the feathers on its wings suppress the sound of its motion through the air, allowing it to swoop down on prey virtually silently.

Think about how light birds are, too—an obvious necessity for flight. A house sparrow is about the same length as an eastern chipmunk without its tail, yet it weighs only a third of what a chipmunk does. Bird bones, in particular, are remarkably light. I teach engineering students, and when it comes time to talk about efficient, lightweight structures, I introduce them to bird skulls (figure 0.2). To emphasize just how lightweight they are, I pass a skull from a red-tailed hawk around the class, and when the students hold it in their hands and feel how little it weighs, they gasp in amazement.

[image: Cross section of a pigeon skull with spongy bone between solid outer and inner shells of bone.]
FIGURE 0.2 
Cross section of a pigeon skull, showing its lightweight, foam-like interior. [Concord Field Station, Harvard University, specimen CFS3907.]

Then there are bird bills: the Swiss Army knives of the bird world, used for everything from feeding to preening to nest-building. Bird bills come in diverse sizes and shapes, and are matched to what each species eats. They range from the small, needle-like bills of insect-eating swallows to the dagger-like bills of fish-catching herons to the curved bill that the long-billed curlew uses to probe into sand and mud to capture invertebrates (figure 0.3). The bills of sanderlings can even detect worms and mollusks in wet sand without touching them. Some birds have spectacular tongues inside their bills: woodpeckers have long tongues to capture insects as they reach far into the holes they drill in trees, and hummingbirds have specially shaped tongues for trapping nectar.

[image: A barn swallow with a tiny bill, a great blue heron with a dagger-like bill, a long-billed curlew with a curved bill that is as long as its body, and a sanderling with a straight, narrow bill.]
FIGURE 0.3 
Bird bills come in a remarkable variety of shapes and sizes. [All Alamy.]

Bird eggs, of course, are marvels of nature. Their shells are at once strong enough to protect the embryo and weak enough for chicks to break through when they're ready to hatch. That's no small feat. Eggs come in different shapes: owl eggs are nearly spherical, while those of murres are elongated and more pointed at one end than the other (figure 0.4a, b). Eggs also exhibit remarkable variety in their coloring: from the plain white of woodpecker eggs, hidden in cavity nests, to the speckled eggs of shorebirds, nearly perfectly camouflaged against the sand and pebbles of the open beaches where they are laid (figure 0.4c, d).

[image: A white, nearly spherical great horned owl egg, an asymmetric white cormorant egg with splotches of dark brown, two white ivory-billed woodpecker eggs, and four blue-gray little ringed plover eggs, nearly undetectable on a pebble beach.]
FIGURE 0.4 
The shapes of bird eggs vary from nearly spherical to elongated and asymmetric. Eggs that are hidden in tree cavities, such as those of owls and woodpeckers, are white, while those exposed on a beach are speckled to blend into the background. [(a, b, c) Museum of Comparative Zoology, Harvard University, specimens 354349, 352849, 361680, © President and Fellows of Harvard; (d) Alamy.]

Beyond all of that, birds fly! What else is there to say? Bird flight is one of the wonders of the natural world. Some, like mallards, flap their wings furiously, while others, like broad-winged hawks, soar and glide with barely any movement. Hummingbirds hover, dart, and even fly backward. Peregrine falcons dive at up to 200 miles per hour (320 kilometers per hour). And great flocks of tens of thousands of starlings dance across the sky together in fantastic murmurations.

Feathers, bones, bills, eggs, flight: how do birds work? That's the question I set out to answer in this book—not just as an avid birder with an interest in natural history but also as an expert in materials science and engineering. (I taught at MIT for nearly 40 years.) Birding is largely a visual endeavor, and so is materials science and engineering. In the same way that birders use binoculars to look closely at the details of a bird's outer appearance to distinguish one species from another, materials scientists and engineers use microscopes to look closely at the internal structure of materials to understand how the structure of a material affects its properties. In this book, we'll be looking at birds more closely, through the eyes of an engineer, sometimes at the microscopic scale, sometimes at a more macroscopic scale, to explain how they work. Chapter by chapter, drawing on both my professional knowledge and my personal experience, I'll explore the hidden microscopic structures and engineering principles behind the astonishing phenomena of birds. Feathers, bones, bills, eggs, and the magic of flight—I'll take stock of them all. With any luck, you'll react much as my MIT colleagues did while I was working on this book. Whenever I stopped them in the hallway to tell them the latest thing I'd learned about how birds work, I always began by saying, “You're not going to believe this,” and, after I told them my latest news, we always agreed: birds really are amazing. What I've learned about birds in researching this book has amazed me, personally and professionally. But first, let me say just a little about myself and how I came to write this book.

[image: A feather icon]

My parents were born and raised in Ashington, a small, gritty coal-mining town north of Newcastle-upon-Tyne, in England. Life there was hard: my father's family were coal miners, working long hours in dangerous conditions. My mother's father managed the Miner's Welfare Institute, which housed facilities to improve the lives of the miners. These included a library, reading room, lecture hall, games room, woodworking shop, and darkroom for photography.

My mother often spoke with great fondness of the first family vacation she took with her parents and sister, bicycling the 30 miles from Ashington to Hepple, a tiny village in the Cheviot Hills, near the border with Scotland. The Cheviots are moorland, covered in heather; between midsummer and autumn, when the heather blooms as far as the eye can see, the hills turn purple. From then on, after that first vacation, she always loved being out in nature, rambling.

After finishing high school, my father went to work in the mine as an apprentice electrician, earning enough money to buy a secondhand Triumph motorbike. When he and my mother were courting (as they used to say), on their days off the two of them would hop onto the Triumph and head up to Rothbury or Wooler in the Cheviots to go fly-fishing and walking. Whenever my parents talked about those times, heading up into the hills on the Triumph, walking among the heather, they got this dreamy, nostalgic look about them; in fact, all they really needed to say was “the Triumph,” and in their minds they were there again. Whenever I see a Triumph motorbike, I think of them and their love of walking in the hills, being out in nature.

During his time in the coal mine, my father had a friend, Bob Crook, who told him that the miner's union had a scholarship to send miners to university, based on the results of a competitive national exam. He studied up for the exam at night school in Newcastle, won the scholarship, and became a mechanical engineer. After World War II, my parents emigrated to Canada, eventually ending up in Niagara Falls, Ontario, where I grew up.

Niagara Falls is famously home to many tourist traps around the falls and, less famously, to many large, impressive feats of engineering: a 50-story-tall observation tower near the falls; bridges high up over the gorge and river; and the canals, tunnels, and reservoirs that feed water from above the falls to the hydroelectric power stations below (figure 0.5). Growing up, I wondered how all these structures worked. How did the towers and bridges stand up? How did the canals, tunnels, and reservoir manage the huge flow of water to the power station?

[image: The Niagara River with a concrete hydroelectric power station and reservoir on each side of its gorge.]
FIGURE 0.5 
The hydroelectric power stations at Niagara Falls, Ontario (left) and New York (right) with their reservoirs above them. [Alamy.]

My father worked at a company that specialized in the design of hydroelectric power stations. (Canada gets so much of its electricity from hydroelectric power—nearly 60%—that electricity is simply referred to as “hydro.” As in, “I paid the hydro bill.”)1 One of my father's responsibilities was running the company's lab, where they made models of the landscape around the power stations that they were designing to get a better understanding of the flow of water before and after a power station was built. The models were huge, often occupying the entire warehouse-sized lab building; even now, I distinctly recall the sense of awe I had as a small child looking at them.

Our family often took Sunday afternoon walks along the Niagara River, or along the Niagara Escarpment. I especially loved going down the Niagara Glen, climbing down the metal staircase built into the cliff face of the gorge below the falls, hiking along the more rugged trails through old growth forest and past huge boulders; it always seemed like a magical, hidden place, overlooked by most tourists. On our walks, my mother taught my two brothers and me how to identify the common birds, trees, and flowers in our area. In the winter, we always had a bird feeder in the backyard and got the usual customers: sparrows, chickadees, juncos, jays, cardinals, and the occasional woodpecker. In the fall, we were entertained by the unsteady behavior of somewhat inebriated blue jays feeding on fermenting berries on our mountain ash tree. I, too, came to love country walks and nature (figure 0.6).

[image: A photo of Lorna Gibson in the woods, aged six, dressed in corduroy pants and a flannel shirt, standing on a log, holding a wood hiking pole, smiling.]
FIGURE 0.6 
Me in my happy place in the woods on a family walk. [WL Gibson.]

One summer while I was in high school, on a family trip back to Ashington, we took a boat out to the Farne Islands, a nature reserve just off the coast, home to breeding colonies of thousands of puffins, Arctic terns, guillemots, and kittiwakes. I remember the excitement of seeing the enormously cute puffins and being dive-bombed by Arctic terns protecting their chicks. Shortly after this trip, one of my older brothers became an avid birder, and I started paying more attention to birds at home.

At university, in Toronto, still interested in how those engineering structures in Niagara Falls worked, I pursued an undergraduate degree in civil engineering, mostly to learn more about mechanics: how forces are transmitted through materials and structures, how much force it takes to break something, how fluids flow. And to have a break from engineering, I would take the ferry out to the Toronto Islands, a local park with miles of trails, to walk.

In graduate school, in Cambridge, England, I became more interested in materials. Materials scientists and engineers are interested in how the processing of a material gives rise to a particular microscopic structure, and then how that microscopic structure affects the material's properties and its performance in engineering components. Carbon-fiber composites, for instance, can be produced either with long parallel fibers or short randomly oriented ones; the different arrangements of the fibers (or microstructures of the composites) give rise to different properties that can be tailored for applications ranging from sporting equipment to aerospace components. Looking at the structure of materials in a microscope, and looking for something new or different, is a big part of materials science. It's a little like birders looking for that one Iceland gull among hundreds of herring gulls.

The first recognition that the properties of a material are related to its microscopic structure—what engineers today call “structure-property relationships”—was made by the seventeenth-century scientist and artist Robert Hooke. His remarkable drawings for his book Micrographia, published in 1665, were the first to illustrate what insects, plants, and other materials look like under a microscope. When Hooke looked closely at cork for the first time, he saw an array of self-contained “microscopical pores” that, he realized, explained “the true and intelligible reason for all the Phenomena of Cork”—that is, its buoyancy, compressibility, and impermeability to water: the properties of cork are related to the structure of its microscopic pores (figure 0.7).2

[image: Cross sections of cork showing box-like cells in one plane and roughly circular cells in the perpendicular plane.]
FIGURE 0.7 
Robert Hooke's drawing of cork, showing two perpendicular cross sections, from his book Micrographia. [From Gibson and Ashby (1997), © Cambridge University Press. Reprinted with permission.]

Graduate research tends to be quite specialized. I focused on the mechanical properties of materials with a porous, cellular structure: engineering honeycombs, with their hexagonal cells, and foams, with their polyhedral cells; both are of interest for lightweight structural components, impact protection devices, and other applications (figure 0.8a). Since then, over four decades, my research has focused on how the microscopic structure of honeycombs and foams—the geometry of their cells, their porosity, and the solid they are made from—determines their strength and other mechanical properties. The work of my research group and our collaborators has included projects on natural cellular materials in plants (e.g., cork, wood, bamboo, iris leaves, and grass stems) and animals (e.g., spongy bone, lung alveoli) (figure 0.8b). I sometimes think that I have combined my father's interest in engineering with my mother's love of natural history.

[image: Engineering foams made of polymers, metals, ceramics, and glass. Honeycomb-like cork and balsa; foam-like sponge and trabecular bone; coral and cuttlefish bone with roughly parallel plates separated by ribs; foam-like leaf and stem.]
[image: Engineering foams made of polymers, metals, ceramics, and glass. Honeycomb-like cork and balsa; foam-like sponge and trabecular bone; coral and cuttlefish bone with roughly parallel plates separated by ribs; foam-like leaf and stem.]
FIGURE 0.8 
Scanning electron microscope images of (a) engineering foams and (b) cellular materials in nature. [From Gibson and Ashby (1997), © Cambridge University Press. Reprinted with permission.]

When I first started teaching classes on the mechanical behavior of materials at MIT, I focused on the sorts of thing you would expect: deriving equations and making use of those equations in engineering applications. But in my last ten years of teaching (I retired in 2022), I included more examples from nature in my classes: how the cellular structure of wood gives rise to different strengths along and across the grain, how the internal structures of cattail and iris leaves make them lightweight without sacrificing strength, and many more. I also added stories about the people who developed the ideas that I taught, because it engaged and entertained students. For instance, when we studied Hooke's law, relating the stretch of a spring to the force applied to it (double the force, double the stretch), I also introduced them to Hooke's extraordinary drawings in Micrographia.

[image: A feather icon]

When I moved to Massachusetts in 1984 to take up my faculty position at MIT, I knew I was going to be spending a lot of time building up my research group and teaching. I also knew that I was going to need an occasional escape to nature to get out and relax. So I bought a small book, The AMC Guide to Country Walks near Boston within Reach by Public Transportation, by Alan Fisher, which soon became my bible for getting outdoors and exploring local conservation areas. Guided by Fisher, I discovered the nature sanctuaries of the Massachusetts Audubon Society, one of the oldest birding and conservation groups in the country. And for nearly 40 years, with a series of dogs (Sandy, a yellow labrador; Tobes, a chocolate [Toblerone]labrador; and Maddie, a cream-colored labradoodle), I've walked regularly in the green spaces in my neighborhood. These include the Forest Hills Cemetery, one of the early garden cemeteries, founded in the mid-nineteenth century to provide a parklike setting for burials; the Arnold Arboretum, a 281-acre collection of temperate woody plants that was the first public arboretum in North America; and the mile-and-a-half footpath around Jamaica Pond, a glacial kettle pond. Through it all, I've grown more interested in birds. On my walks now, I keep an eye out for them and write down what I see in a small notebook.

There's lots to see.

At the Forest Hills Cemetery early one mid-February morning, I was startled to see a pair of red-tailed hawks flying low, one carrying a substantial stick, perhaps 20 inches (0.5 m) long and an inch (25 mm) in diameter, in its beak. They headed toward a cluster of tall pines that stood near the grave of the playwright Eugene O’Neill. About a week later, I saw the nest, high up in one of the pines, supported between the trunk and several branches. After that, I checked in regularly on the birds’ progress. A couple of weeks later, I spotted one of the hawks with another stick in its beak, flying onto the nest; in early March, I saw two hawks, possibly my pair, up in a tree by the cemetery pond, squawking and mating; and in early June I saw a nestling, near fledging, hopping about in the nest. The following winter, I noticed that the nest had been taken over by a pair of great horned owls (figure 0.9), so I continued to monitor it. At the end of April, I saw three owlets out of the nest, two of them hop-flying on a branch while the third—with developing flight feathers on its wings but fluff still on its breast—perched immobile on a lower branch of the tree. I did a quick scan of the vicinity and found one of the adults observing them all from a neighboring tree. Hawks and owls, young and old—what a thrill each time to see them!

[image: An adult great horned owl perched on a branch next to its nest with a smaller, fluffy owlet on the nest.]
FIGURE 0.9 
A great horned owl nest, with one of the adults and an owlet, at the Forest Hills Cemetery in Jamaica Plain, MA. [Photo: Robert Mayer.]

Another year, a pair of great blue herons nested in one of the pines on the tiny island in the pond at the cemetery, near the grave of the poet e.e. cummings (whose stone is inscribed EDWARD ESTLIN CUMMINGS). My wife, Jeannie, and I loved going to see them in the evenings after dinner. Often we'd hear the young even before we could see them; waiting to be fed, they would hold their bills up vertically, each one clapping its upper and lower bills together, making quite a racket. One evening, at dusk, I saw a Boston bicycle-police officer sitting on a large rock near the pond, patrol bike lying on the ground beside him, watching the nestlings. As I joined him, he told me he was concerned that the adults had not yet returned for the night. Boston's finest sometimes even watch over baby birds.

I love it when migrating ducks appear at Jamaica Pond in the fall. It's quite a parade. The ever-so-elegant hooded mergansers usually arrive first, early in November, and stay until the pond freezes over. They're soon joined by a stream of others: ring-necked ducks and ruddy ducks, the latter almost comical with their stiff upward-pointing tails and abrupt dives down into the water; a few common mergansers; the occasional red-breasted merganser; and, from time to time, wood ducks, the males with delicate feathers seemingly painted on with a fine brush. Joining the fray are pied-billed grebes, small and energetic, diving over and over again in the water, and northern shovelers, skimming the surface of the water for aquatic invertebrates with their shovel-like bills. And once in a rare while, a lone loon. It's all delightful.

Most exciting for me are the bald eagles that sometimes appear in the winter. One year I watched as one took off from a tree at the shoreline and went after a gull over the pond. The gull darted about, this way and that, evading the eagle, but the eagle matched every swerve and dive, following close behind it. Three crows soon arrived and began mobbing the eagle as it chased after the gull. Back and forth, up and down the pond they all went—until eventually the eagle gave up and landed on a pine tree across the pond. It was a magnificent display. When I told some friends about it a day or two later, they said that their dog had recently found a gull wing in the leaf litter by the pond footpath. Perhaps left over from a successful eagle attack.

The true National Geographic moment, though, came when Jeannie and I were on our way to get groceries one bitterly cold February day, when the pond was nearly completely frozen over. Driving beside the pond, I spotted a bald eagle perched high up in a sycamore tree at the northwest corner of the pond—with a hawk harassing it! I quickly pulled over and jumped out of the car to get a better look. Ignoring the hawk, which gave up and flew off after a few minutes, the eagle had its eyes on a small group of coots in a tiny circle of open water just in front of us, about 50 feet (15 m) away. Suddenly, the eagle swooped down, talons out, going after the coots. Just as it got close, the coots dove, then popped back up as soon as it had passed by. The eagle tried several more times before giving up and flying off to the other end of the pond. I could have watched the show all day.

One of my most exciting and memorable moments of birding came a bit farther afield, at the Parker River National Wildlife Refuge, on Plum Island, about an hour's drive north of Boston, where I saw Norm Smith, of the Massachusetts Audubon Society, release a snowy owl into the wild. The owl had been captured, with appropriate permits, at Logan Airport, which sits on a strip of land just offshore from downtown Boston (figure 0.10). Surprisingly, the winter landscape around Logan, with its dried grasses and scrub, looks enough like the summer Arctic tundra to attract the largest known concentration of snowy owls in the northeastern United States. They usually arrive in early November and depart by early April; while at the airport they prey on small mammals as well as other birds. But because the owls are a hazard to aircraft, Norm captures as many as he can and releases them on the beaches north and south of the city. Most years, Norm captures eight or nine, but during the winter of 2013–2014, when there was an irruption of snowy owls in the eastern United States, he trapped and relocated 121. Ever since learning about this, I've been on the lookout for a snowy owl whenever I fly into or out of Logan in the winter.

[image: ALT: A snowy owl standing on the ground in the midst of two-foot-high grasses, with a jet in the background.]
FIGURE 0.10 
A snowy owl at Logan Airport in Boston, MA. [Massachusetts Audubon Society, photo: Norm Smith. Reprinted with permission.]

When I tell my students that I go birding in Boston, they're often surprised, because they feel there aren't any interesting birds to see in the city. I tell them that if you think you won't see anything, and you don't look, then you won't see anything. Me, I'm always on the lookout. And there
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