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A DIFFERENT LIGHT


There was a high-pitched whine coming from the starboard side of the sub. I leaned to my right, trying to pinpoint the source. It didn’t necessarily sound alarming, but it was different, and one thing I have learned from diving in submersibles is to pay attention to different. Since this was the untethered single-person submersible Deep Rover, I was both pilot and crew, and there was no one to ask, “Do you hear that?” I was alone, just passing 350 feet beneath the ocean’s surface, surrounded by water as far as the eye could see in every direction, and descending toward darkness. The whine, initially almost imperceptible above the whir of my scrubber fans, was growing louder and more concerning. Trying to identify the cause, I shifted around in my seat, a padded pilot’s chair in the center of the five-foot clear acrylic sphere. I bent at the waist, contorting to bring my right ear almost level with the instruments in the armrest. As I did, my stockinged feet slid down the inside of the sphere, into something you never want to encounter inside a submersible: seawater. Lots of it.


This was bad. Abject terror was the appropriate response, which I certainly felt in spades. Fortunately, I was able to maintain just enough of my faculties to begin taking action to save myself. Locating the source was step one. No problem: The water was flowing in through an open valve below my seat on the starboard side. Stopping it was step two. Big problem: The valve handle was missing! There was only the valve stem, which I couldn’t possibly turn without leverage. The water kept streaming in through the small orifice, the whine’s rising pitch providing an audible measure of the sub getting heavier and sinking faster as the water rose. I blew my ballast tanks and jammed on my vertical thrusters while my mind raced. Is it too late? Am I already past the point of no return?


The fact that I am writing this proves, of course, that I wasn’t too late. I made it to the surface and was pulled to safety, but it was definitely more harrowing than I would have liked, and I can’t deny that the memory lingers.* Over the course of my career as a marine scientist, I have made hundreds of dives in submersibles, which means there have been other bad moments—not many, but enough. This was not the worst,† but it did happen early in my career and could have cost me my life, so why, you might ask, do I keep doing it? Honestly, it never crossed my mind to stop.


I became hopelessly addicted in 1984, on my first dive using a metal diving suit called Wasp. That initial spine-tingling exposure to deep-sea bioluminescence occurred during an evening dive off the coast of Santa Barbara. I was dangling on the end of a cable at what at the time seemed an incomprehensible depth—800 feet—where the pressure outside my protective metal shell was 355 pounds per square inch (24 atmospheres). I was there to explore and learn about life in the largest living space on the planet, the ocean’s midwater. I hoped I would see bioluminescence, which is why I turned out the lights. I wasn’t disappointed. In fact, I was so dazzled, the experience changed the course of my career.


* * *


THE FIRST MAJOR scientific collecting cruise of marine life in the diverse Sea of Cortez was organized by Ed Ricketts and John Steinbeck in 1940. Their explorations and scientific discoveries were published in The Log from the Sea of Cortez, which was written by both of them but is generally ascribed solely to Steinbeck. Their vessel was a chartered purse seiner called the Western Flyer. During their expedition, Steinbeck and Ricketts and the rest of their crew made most of their collections at low tides. With their bent-over posture and slow head-scanning movements, they would inevitably draw questions from the locals:


“What did you lose?”


“Nothing.”


“Then what do you search for?”


This line has always made me laugh, not least because I’ve been asked this question or something close to it many times in my forty-year career of exploring the ocean. And the truth is, I’ve asked it of myself more than a few times.


Encounters with bioluminescence at scale can make that question seem quaint. The open ocean is a fantastically strange and wonderful place. In this world without apparent hiding places, the game of hide-and-seek is played out on a daily basis with life-and-death consequences. One successful survival strategy is to hide in the depths during the day, below what we call the edge of darkness, and come up only to feed in food-rich waters at night, as the edge of darkness makes its way toward the surface. This is such a common solution to the problem of no hiding places that it is responsible for the most massive animal migration pattern on our planet.


Vertical migration happens every day, in every ocean, and the masses of ascending animals form a layer so dense that more than one ship’s captain, scanning with sonar at sunset, has been fooled into believing they were about to run aground. Because so many of the ocean’s inhabitants have adopted this survival strategy, these migrants spend most of their lives in near darkness. To compensate, almost all of them make their own light.


Drag a net behind a ship almost anywhere in the ocean below the edge of darkness, and most of the animals you bring up in that net will make light. Given the volume of the open ocean and the vast watery realm between the ocean’s surface and its bottom, which constitutes the largest ecosystem on the planet, we’re talking about a world teeming with light makers. To put this in perspective, if most of the animals in the ocean are bioluminescent (from single-celled bacteria to colossal squid), then a majority of the creatures on the planet are communicating using language-of-light dialects that we don’t comprehend.


Bioluminescence’s power to captivate is evident in the descriptions of anyone so fortunate as to experience it firsthand. The adjective heard most often is magical. The pure magic of living light hearkens back to childhood fantasies of secret grottos, wizards’ caves, and unicorn haunts, where the mushrooms in fairy rings glow with cold green fire and a wave of the hand sends multicolored sparks streaming from fingertips. Real-world encounters with such enchantments manifest as children chasing fireflies on warm summer nights, lovers strolling a beach hand in hand with the Milky Way overhead while sprinklings of sea sparkle gild their footprints in the sand, and kayakers on a moonless night creating luminous blue explosions and sprays of liquid light with each dip and arc of their paddles. For these lucky few, bioluminescence is not one of nature’s obscure and little-known oddities; it is one of their most precious and lasting memories.


That there are even more spectacular light shows in the inky depths of the ocean was little known when I made that first deep dive. There was plenty of scientific evidence of bioluminescence’s presence in the form of light-meter measurements and net-captured creatures (mostly dead) studded with light organs, but there were very few direct observations, and none that captured anything like the spectacle I witnessed. This was a light extravaganza unlike anything I could have imagined. Afterwards, when asked to describe what I had seen, I blurted, “It’s like the Fourth of July down there!”—a highly nonscientific description that got quoted in our local newspaper and for which I took a healthy dose of ribbing from my colleagues. However, I have had many opportunities since then to take people on submersible dives, and I have lost count of the number of times I have heard them described as “like the Fourth of July!”


Fireworks are an extraordinary art form—light painted onto the black canvas of a night sky. Each brushstroke is a splash of photons defined not just by color and contour but also by movement through space and time. Transience is what saves these spectacles from the kitschiness of a black velvet painting, as each burst of light morphs from moment to moment, rocketing up, blooming out, cascading down—incandescent for mere moments before disappearing into nothingness. There are identifiable components to the displays, each unlike any that has come before or will come again—but still recognizable as chrysanthemums, palms, Roman candles, or horse-tails. Their frequent repetition produces a visual echo—variations on a theme, like literal light jazz—in the pictorial rather than the teeth-grinding musical sense.


I once purchased a book of photographs for a single image. It was a photo, captured by Life magazine’s Gjon Mili, of Pablo Picasso drawing with light. The story goes that Mili had been experimenting with light painting by attaching tiny lights to ice skates and then photographing the skaters jumping in the dark. Picasso, who originally had been less than thrilled at the prospect of being photographed for the famous magazine, became intrigued when Mili showed him these experiments. Picasso was so tantalized by the possibilities that he ended up posing for five sessions, in which he produced thirty light paintings. The one that prompted my book* purchase is the best known. Taken in Picasso’s pottery studio, it is a black-and-white and shows a flash image of the famous artist in a semi-crouched position, staring directly into the camera, holding the small illuminated lightbulb that he then used to draw a centaur in the dark while the camera shutter remained open. In the photograph, the centaur hangs suspended in space between the artist and the camera—an ephemeral phantom—disappearing even as it was being created, but preserved in its entirety on photographic film.


Just as fireworks are a kind of light painting, so is bioluminescence. But instead of the product of incandescence and human ingenuity, bioluminescence is cold chemical light, a consequence of millions of years of evolution resulting in fantastic light-emitting creatures with evocative names like crystal jelly, cockeyed squid, bearded seadevil, shining tubeshoulder, stoplight fish, and velvet belly lantern shark. Their bodies are adorned with all manner of light-emitting structures—nozzles that spew liquid blue flame, incredibly complex light organs that look like flesh-encrusting jewels but behave optically like eyes that emit light instead of collecting it, and absurdly elaborate glowing appendages that resemble abstract sculptures of alien life-forms from the planet Zork.


On that first dive in Wasp, I had no idea who was producing the dazzling light I was witnessing. It was so extreme and otherworldly that the only description I had for it was my lame Fourth of July comment, but of course that didn’t do it justice.


It’s true that there were evanescent sprays and swirls and squirts of flashiness glittering in the darkness that resembled the “light jazz” of a fireworks display, but they weren’t every color of the rainbow. Instead, it was a mixture of the most brilliant blues ever to grace an artist’s palette—azure, cobalt, cerulean, lapis, neon—supernatural hues, emitted rather than reflected light.


And, unlike on Independence Day, I wasn’t a passive observer from afar. I sat at the very center of this show. In fact, I was part of it, because, as I quickly discovered, any movement I made was a trigger. Even very slight motions would stimulate spreading spheres of aquamarine sparkles and flashes. And if I activated the Wasp’s thrusters, glorious streams of light would erupt from the propellers in vortices of shimmering cobalt-blue liquid mixed with what looked like glowing embers swirling up off a campfire as you toss on a new log, only these were icy blue. But if I attempted to see who was making the light by turning on my floodlights, I saw no one; the space was devoid of any recognizable life-forms.


All of this bioluminescence was the product of life, but in this case, it was apparently generated by creatures too small or too transparent to show up in my floodlights. I knew how much energy it takes for life to generate light* (a lot!), so I was keenly aware that this was no trivial phenomenon. Energy expended on this scale has enormous significance, but on that very first dive, I had no idea what that significance could actually be. That tantalizing mystery hooked me then and has kept me going back again and again to try to better understand the role living light plays in the vast oceanic realm that is so frequently described, incorrectly, as a world of eternal darkness.


Marine biology may be one of the careers kids most say they want to get into. But what is the point of this labor-intensive, not un-dangerous, sometimes expensive, and vastly underappreciated science? Just what are we searching for, and, most important, what have we found?


The desire to understand the natural world resides in all of us. Exploring and sharing knowledge about how the world works is foundational to our survival. In primitive humans, the drive to uncover the secrets of nature advanced essential life skills such as finding sustenance and shelter and determining what animals were deadly and what food was safe to eat. In modern times, our drive to explore has led us to extraordinary discoveries, ingenious innovations, and some of our most fantastic achievements. So how is it possible that we have yet to explore what constitutes the largest living space on our planet—the deep ocean?


Inaccessibility in the form of crushing pressures is certainly a challenge, but it is one we have met and overcome. Cost, too, poses a stumbling block, but it can’t be the only reason for the dearth of exploration, when we have spent trillions to land on the moon and Mars. Rather, the greatest obstacle may be the widely held misperception that there is nothing left to discover on Earth. One of the rationales sometimes given for space exploration is that everything on this planet has been climbed, crossed, and spelunked.


The truth is that the staggering reaches of the ocean that remain unseen exceed, by many times, all the territory ever explored. We seem to be in a catch-22 scenario where we haven’t explored the deep ocean because we don’t appreciate what a remarkable, mysterious, and wondrous place it is, and we don’t know what an astonishing place it is because we haven’t explored it. What makes this situation all the more untenable is that we are managing to destroy the ocean before we even know what’s in it.


In the course of human history, our pattern has been exploration followed by exploitation, but in the ocean we have managed to reverse the order—massively exploiting the ocean’s resources before exploring what’s actually there. In the past sixty years, we have altered the ocean more than in all of the preceding two hundred thousand years of human existence. We have stripped it of its big fish, using nets so enormous they could hold a dozen jumbo jets, and we have deployed hook-studded longlines as much as a hundred miles long that target big predators like tuna, swordfish, and halibut but also snag turtles, dolphins, and even diving seabirds. We have harpooned whales, driving these magnificent, intelligent creatures to near extinction. Our bottom trawlers drag vast weighted nets across the seafloor, turning exquisite undersea gardens full of living beings into rubble piles that won’t sustain life again for hundreds of years.


At the same time that we are pulling out every last fish, shrimp, and squid, we are filling the ocean with our plastics, trash, and toxins. It is estimated that by the year 2050 the ocean will contain more plastic by weight than fish. Traces of radioactive waste, PCBs, mercury, and chlorofluorocarbons are detectable in the depths of the ocean and for all we know are already impacting the life down there.


We are poised on the brink of massive destruction of oceanic ecosystems—systems that are vital cogs and wheels in the extraordinary machinery of all life on planet Earth. The enormity of the ocean has managed to protect us from ourselves for a long time, but our exploding population and mismanagement of resources are beginning to overwhelm even its phenomenal buffering capacity.


For the past couple of centuries, the ocean has been working mightily to keep the all-important carbon cycle in balance by absorbing much of the vast quantity of carbon dioxide we have been releasing through the burning of ancient sequestered carbon, that is, fossil fuels. In the process, the ocean has been acidifying, because when carbon dioxide dissolves in seawater, carbonic acid is formed. Let’s pause for a moment to grasp the gravity of that statement. We are changing the chemistry of a staggering quantity of water—a volume of three hundred million cubic miles! This change is beginning to alter the food web, making it difficult for keystone species like corals, shellfish, and sea butterflies* to construct their skeletons and shells.


The ocean has also been absorbing much of the extra heat that has been accumulating because increasing concentrations of greenhouse gases, like carbon dioxide and methane, in our atmosphere are preventing heat from radiating from the Earth’s surface and escaping into space as readily as it used to. That heat buildup has many worrisome implications.


Warming waters and melting ice are potentially altering the flow of the great rivers in the sea like the Gulf Stream. More than sixty miles wide and a half-mile deep, the Gulf Stream transports a volume of water that exceeds that of all the rivers in the world by twenty-five times, carrying warm water from the equator along the east coast of North America and across the great Atlantic to northwestern Europe. This is one of several massive rivers that flow throughout the ocean in a complex pattern known as the Great Ocean Conveyor Belt. Arising from density differences between colder, salty water masses and warmer, fresher water masses, the conveyor belt has major impacts upon weather as it moves heat around the globe. Changes in these flow patterns may already be linked to increasing droughts, floods, hurricanes, and wildfires; destabilization of agriculture and fisheries; and untold increases in human suffering.


The list goes on and on: plastics pollution, chemical pollution, nutrient pollution, overfishing, invasive species, bottom trawling, seafloor mining, deep-sea drilling, destruction of estuaries and wetlands, loss of coral reefs and sea ice habitat, and—one of my personal favorites, from the darkest recesses of my anxiety closet—the thawing of subsea and land-based permafrost,* causing the release of substantial quantities of greenhouse gases as microbes go to work on the vast amounts of organic matter therein. This could lead to a tipping point, sometimes referred to as the permafrost bomb, akin to the kind of feedback loop I was facing when water was coming into the Deep Rover. Once we reach that point, there’s no going back.


There have been endless books, science papers, magazine articles, documentaries, and social media posts detailing the doom and gloom—to little avail. We are still essentially fiddling while the planet burns. There are a couple of psychological components to this.


One is illustrated by the boiling-frog story that claims if a frog is dropped directly into boiling water it will have enough sense to jump out, but if it is placed in warmish water that is heated slowly, it will hang around until it is stewed to death. Personally, I suspect frogs are smarter than that, and I certainly want to believe humans are.


The other rationale for our inaction is the simple fact that the swelling drumbeat of decimation engenders such a sense of helplessness that people want to plug their ears and cover their eyes. But the beat goes on, growing ever louder, with the hope that if we just point out how truly dire the situation is becoming, the appropriate checks and balances will be brought to bear, like taxing carbon and switching from burning fossil fuels to alternatives like solar, wind, hydroelectric, geothermal, and nuclear energy. Clearly that’s not happening, at least not on the time scale we need it to happen. In fact, in many cases the drumbeat seems to be having the opposite effect.


It has been said that Martin Luther King, Jr., did not mobilize the civil rights movement by preaching, “I have a nightmare.”* Nonetheless, that’s what many on the environmental front lines are doing. We need a different outlook, one that focuses on our strengths rather than our weaknesses. Exploration has always been the key to our survival, which is why I believe we need explorers now more than ever. Explorers are, by necessity, optimists who have to see beyond imagined limits to find a way forward. They push past the scary monsters at the edge of the map and have the persistence needed to pursue solutions in the face of seemingly impossible odds. Their tenacity often arises less out of an abundance of courage than from an abiding curiosity.


Throughout our lives, unexplored places that promise fantastic discoveries entice our imaginations. The stories that mesmerize us when we’re young revolve around discovering portals to other worlds: unearthing the entrance to an ancient tomb full of treasures, discovering a hidden gate that leads to a secret garden, or following a rabbit down a hole to a fantastic wonderland. Mysterious, unexplored places draw us. What few people realize is that most of our planet remains mysterious and unexplored. The ocean’s depths hold some of the most fantastic secrets about life on Earth and answers to questions we haven’t even thought to ask.


I have a quote pinned next to my office window, overlooking one of Florida’s ocean inlets: “The world will not perish for want of wonders, but for want of wonder.”* Our survival on this planet depends on fostering a greater sense of connection to the living world, and wonderment is key to forging that link. I have long believed that bioluminescence provides a means to reveal the wonder in this unseen world to a public that is alarmingly unaware and, thus, largely indifferent to what makes life possible on our planet. I believe it is a light capable of exciting the imagination and firing the inborn curiosity that defines the core of what it means to be human. I hope it can fire the imaginations of the next generation of explorers and in so doing provide a beacon of hope for the future of life on Earth.
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PART I
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DEEP SEEING
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The only true voyage of discovery,


the only fountain of Eternal Youth,


would be not to visit strange lands but to possess other eyes.


— MARCEL PROUST









Chapter 1
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SEEING


Light is what, exactly? For something that has no mass, it sure carries a lot of existential weight. It is both an energy source and an information carrier. It can be injurious and it can be healing. It is one thing that can manifest as two things—a wave in the future and a particle in the past. In a vacuum, it travels at the maximum speed allowed by the universe, and it does so without ever decaying. It gives up its energy only when it interacts with other particles, like those that make up the visual pigments in our eyes, and it is through these interactions that we interpret the world around us.


For most life-forms on Earth, light is the paramount stimulus that makes life as we know it possible. Green plants harness energy from light to synthesize sugar from carbon dioxide and water. In the process, oxygen is generated as a by-product. As magic tricks go, forming food and breathable air from what seems like nothing is hard to beat. Still, it’s not especially flashy. Creating dazzling light from food and air, however, is very flashy. That’s the magic of bioluminescence. Of course, to appreciate that particular alchemy, you need something equally miraculous: vision.


Being able to see provides a huge advantage in the game of life; it is for this evolutionary reason that 95 percent of all animal species on Earth have eyes. These range from microscopic, such as some single-celled algae that have an eye no bigger than one-tenth the diameter of a human hair, to giant squid with an eye the size of your head.* The different ways that such disparate eyes see the world reveal much about the biological needs of their owners. In fact, figuring out what different eyes are best adapted to see is such a valuable tool for probing the nature of life that it has become a whole field of study called visual ecology.


If you compare the life of a giant squid inhabiting the deep sea with that of microscopic plankton living in sunlit surface waters, the difference in eye size makes sense: a giant eye collects many more photons than a tiny one and is therefore better adapted for living in a dim light environment. But what about another deep-sea inhabitant, the cockeyed squid? Its name derives from its mismatched eyes: the left eye is giant and bulging and directed upward toward the sunlight, while the right eye is smaller, recessed, and aimed downward into the inky depths. This seemingly makes no sense—until you learn that bioluminescent light organs encircle the small eye. While the large eye hunts overhead for dim, distant silhouettes of prey against a dark, lead-gray background, the bottom eye can use its built-in flashlights to illuminate more proximate prey. Clearly, to understand the visual ecology of the largest living space on Earth, one needs to appreciate the nature and function of bioluminescence alongside the nature and function of eyes.


It is inevitable that when we try to figure out what different animals see, we relate it to what we can see. That is a major challenge in the deep ocean, though, where our very presence alters the visual environment. It’s difficult to envision a place you are unable to observe in its natural state. Our eyes are adapted for a much brighter existence, which means that when we explore darkness, we must bring artificial lights so intense that to visual systems adapted to the deep sea, they are probably as bright as looking directly into the sun. Since it is such a challenge to observe animals in this realm without disturbing them, sometimes the best way to gain insight into their lives is to learn as much as possible about their eyes.


The most important questions to ask about eyes are: What information do they accept, and what do they exclude? All eyes act as filters, allowing in only data streams about the outside world that optimize their owner’s chances for survival. Anything that doesn’t serve that purpose falls under the banner of too much information. Spending time and energy on producing ultraviolet receptors, for example, and processing and interpreting their output is counterproductive if UV light plays no useful role in detecting vital stuff like food, mates, or predators.


Thinking about eyes and what they do and don’t see is a mind-stretching exercise. We are blind to so many things in our world—some because of biological constraints, and many more because we simply don’t know how to look. Environmentalist Rachel Carson once said, “One way to open your eyes to unnoticed beauty is to ask yourself, What if I had never seen this before? What if I knew I would never see it again?” An even better way to achieve heightened visual awareness is to lose sight and then regain it. As Joni Mitchell sang, “Don’t it always seem to go, that you don’t know what you’ve got till it’s gone?”


THAT JONI MITCHELL song, “Big Yellow Taxi,” was released my first year in college. I started at Tufts University in the fall of 1969 as a biology major, with the aim of becoming a marine biologist. But before I had completed my first semester, it was clear that goal would be unattainable without medical intervention. During my precollege physical, I mentioned a pain I’d been having down the back of my left leg. Since I was pretty active—a skier and skater in the winter and a water skier in the summer—I figured I must have pulled a muscle. X-rays revealed otherwise: My back was broken. The doctor illustrated the extent of the break by making two fists with his hands, stacking one on top of the other, and then sliding the top one halfway off the bottom one. The slippage was pinching a nerve going down my left leg, causing the intense and persistent pain I felt whenever I sat down.


I’m pretty sure I know when I broke it. I spent a lot of my childhood climbing up into and jumping out of trees in our leafy suburban neighborhood just outside Boston. My favorite tree was an old misshapen willow down by the pond* near our house. Its trunk ramped up at a forty-five-degree angle away from the water and then branched into two large horizontal limbs, each with thick vertical branches that created separate “rooms” that made it the perfect pirate ship, tree house, or castle. The limbs were about seven feet off the ground: a comfortable jump that I made hundreds of times with ease. But I remember one Sunday, when I was eight or nine years old and dressed for Sunday school in some stupid frilly dress I hated, the jump didn’t go as planned.


When we came back from church, I couldn’t change into my beloved jeans, because we were going someplace fancy later, but I was allowed to be outside until it was time to go, as long as I promised to stay clean. I wandered off to climb my favorite tree, but when I went to jump down, I remembered my promise and landed in a way that protected my dress instead of myself. A searing pain ripped through my back—like nothing I’d felt before. But it didn’t last long, and I shrugged it off.


Until that college physical, I thought low back pain was something everybody had. I couldn’t remember a time without it. By my first semester at Tufts, it was so bad that I couldn’t stand for any extended period, and sitting was equally miserable because of the pain in my leg. The only way I could do homework was by lying flat on my back with a pillow under my knees. This was not conducive to good study habits, as I would often fall asleep and bonk myself in the face with whatever tome I was attempting to wade through—a very effective form of negative conditioning. When it became clear I couldn’t go on like this, a spinal fusion was scheduled for the beginning of February.


ACCORDING TO THE Urban Dictionary, “crumping” is a slang medical term indicating that a patient’s condition is rapidly worsening. See also: “circling the drain.”


I crumped; not during the spinal fusion, which went fine, but afterwards, in the recovery room. I went from okay to Oh shit in a New York minute,* flipping around in the bed like a fish on a dock while hemorrhaging nearly everywhere. I had a blood disorder called disseminated intravascular coagulation (DIC). The cause is unknown, but it’s often associated with major trauma and manifests as overactive clotting factors in the blood, causing clots to form in the small blood vessels of the body, blocking blood flow to vital organs. In extreme cases, the clotting factors and platelets are consumed to such a degree that severe bleeding ensues. The result, in my case, was that I wasn’t just bleeding into my surgical sites but also into my lungs, depriving me of air, hence the fish-out-of-water imitation.


Two factors conspired to allow me to survive this medical Armageddon. In fact, I was the first person ever to survive it at Mount Auburn Hospital. The first was that my orthopedic surgeon had recently attended an American Medical Association conference on DIC, which allowed him to recognize the symptoms. Usually, a doctor who sees his patient hemorrhaging will administer coagulants to stop the bleeding, but that just leads to more clotting in the small blood vessels and increased likelihood of organ failure. Instead, my surgeon knew to give me the anticoagulant heparin, thereby averting organ failure but greatly exacerbating the bleeding problem.


The second lucky break was that the famous Harken* “chest team” happened to be at Mount Auburn that day. The chest team’s first order of business was to start my heart, which had stopped. Next, they needed to clear the blood from my lungs, which required flipping me from my back onto my side. Then the whole process had to be repeated as my heart stopped again and my lungs refilled with blood. In total, I had to be resuscitated three times.


I had three resuscitations, but only one near-death experience. My NDE involved a classic out-of-body experience, or OBE, in which I was looking down at myself from above. There was another consciousness there with me—no physical presence, just a noncorporeal being—and we were trying to make a decision about the outcome of the current situation. I remember feeling completely neutral, fine either way. As someone who has personally experienced an NDE, I understand the temptation to assign a spiritual explanation. It certainly didn’t feel like a dream; it felt real. As a scientist, though, I have learned to be comfortable with ambiguity, and I choose to keep an open mind on the subject.


The most intriguing thing to me about NDEs is their commonalities. Sometime later, when I read Elisabeth Kübler-Ross’s On Death and Dying, I discovered that my experience was not unique. A frequently cited feature of NDEs is the sense of peace felt both during and immediately after the experience. All the usual brain chatter related to time and tasks is silenced. After my NDE, I felt present, fully in the moment, in a way that I had never experienced before and haven’t since. I was the opposite of solitary and separate, but rather at one with, and connected to, everything. As a result, I was unfazed by the fact that when I regained consciousness I was a total mess—a veritable pincushion with tubes and wires running everywhere, on a breathing machine with a tube down my throat that prevented me from speaking. And I was blind.


It’s strange, in retrospect, that none of this bothered me in the slightest. When the doctors and my parents explained to me what had happened, it all sounded familiar and understandable. Somehow, I was at peace with it.* In fact, I had accepted my blindness so completely that I didn’t tell anyone I couldn’t see until several days after the surgery, and when I did say it out loud, it still didn’t seem that important.


That sense of peace lasted for a week in the ICU and persisted for a few more days after I was moved to the pediatric ward in the Wyman wing of the hospital. At eighteen years old, I no longer qualified for that ward, but it was the only floor with an available observation room where the nurses could keep an eye on high-risk patients. I would remain there for the next four months.


Once out of the ICU, I was allowed visitors other than family. Friends brought flowers, including one especially beautiful bouquet of roses that everyone commented on when they entered my room. On one such day, someone mentioned the beautiful “yellow” roses. Wait. WHAT? Yellow? I felt a shock of adrenaline as I abruptly came to grips with the extent of my blindness. It was as if someone had slapped me awake. I thought the roses were red, but that’s merely the color I assumed they were. My analytical brain jump-started and I quickly ran through an assessment of what I could actually see. The answer was not much. I couldn’t see the roses; I had just imagined them to look like stereotypical red roses. I couldn’t see the door to my room, but I had mentally sketched it in based on the direction of sounds as people entered and exited. I couldn’t even see my own hand held up in front of my face; I just knew it was there because I could feel myself holding it up.


I thought I was seeing the people I knew who visited me, but now I realized that, too, was a fabrication of my imagination, because I couldn’t remember the faces of any of the parade of doctors, nurses, and technicians coming in and out of my room every day—faces I hadn’t met before I crumped. There were brief glimpses of light and shadow, but no real visual information.


THE DISPARITY BETWEEN light and dark is striking, so much so that it figures significantly in many creation stories. Out of darkness and nothingness come light and somethingness. We associate darkness with chaos and light with a sense of order, but that order is contingent upon the capacity to see and make sense of what the light reveals. Being able to detect light and dark is certainly better than nothing, but it’s a far cry from the phenomenal advantages afforded by true eyesight.


Vision occurs in three phases. Phase one happens in the eye, which, like a camera, focuses an image of the world onto a light-sensitive surface. But where a camera uses film, our eyes have retinas, each composed of 126 million light-sensitive cells called photoreceptors. Phase two converts light energy into electrical signals that travel through a sequential series of neurons to the brain. And in phase three, the brain interprets those electrical signals, forming a mental image. That’s the purpose of vision: to create a link between the physical world and that all-important central processor, the brain. The survival advantage that results from being able to respond appropriately to threats and opportunities requires much more than just recognizing images. Objects must be identified from multiple perspectives, distances gauged, and motion and trajectories calculated. And all of this needs to be possible even when the viewer is on the move. The fact that when you tilt your head, the whole world doesn’t appear to tilt is just one small example of the enormous processing power your brain affords.


How our visual system handles information reveals a lot about our perception biases. For example, we are far more interested in detecting contrast—differences in intensity—than we are in absolute intensities. There are some fantastic optical illusions that demonstrate this. One of my favorites is what’s known as the checker shadow illusion, which is a shades-of-gray graphic of a checkerboard with a large cylinder sitting on one corner. The scene is side-lit, creating a shadow of the cylinder across the board. It looks perfectly reasonable until someone tells you that one of the “white” squares inside the shadow is the exact same shade of gray as one of the “black” squares outside the shadow. Nobody believes it. The only way to convince yourself that it’s true is by somehow eliminating the surrounding cues that your brain is using to interpret the scene. For example, you can cut out the two squares and hold them side by side. They really are the same, but when you view them as part of the whole scene, your brain adjusts your perception by pumping up the apparent brightness of the one in shadow, thereby enhancing the contrast.


At the neural level, this contrast bias can be detected by measuring the electrical activity of ganglion cells in the retina. A ganglion cell, which receives input from a small patch of photoreceptors, gives a much bigger electrical response to a small spot of light shining on the center of that patch than to diffuse illumination across the whole area. And farther up the chain, in the optical processing center of the brain, neurons are so enamored of contrast that they are essentially unresponsive to uniform illumination.


Individual cells are also biased in favor of detecting movement. You can demonstrate this if you place someone before a motionless scene, secure their head with a skull clamp, and anesthetize their eye muscles.* With no motion in their visual field, they become essentially blind. You can sometimes approximate this effect when you “zone out” in a relaxed state, staring fixedly at a point without moving or blinking, causing your peripheral vision to “white out.”


For the brain to make sense of the three-dimensional world based on the upside-down, two-dimensional image projected on the retina, it must deal with an astonishing amount of ambiguity. In fact, for any retinal image there is actually an infinite number of possible three-dimensional forms that might have generated it. Consequently, the brain is constantly having to extrapolate information from sparse input.


One of the early investigators working on how the brain interprets sensory input was Karl Lashley (1890–1958), an American scientist best known for his research on learning and memory. Lashley suffered from migraines so intense that they were both figuratively and literally blinding. During one such attack, he made the intriguing observation that, while the area of complete blindness in the center of his visual field obscured the head of the colleague he was looking at, the vertical stripes on the wallpaper behind him appeared to pass right through where his colleague’s head should be. If the man’s head had been visible, it would have masked the stripes, but in the absence of actual input from that part of the visual field, Lashley’s brain filled in the most likely image based on the surrounding visual field. That’s a heck of a trick, but it’s a trick that should give you pause and raise questions about how much of what you see is biased by what you expect to see.


MY VISION LOSS was in phase one. I had hemorrhaged into the large space between where light is focused at the front of the eye (through the cornea and lens) and the retina, at the back of the eye. This region, known as the vitreous chamber, is filled with a transparent, colorless, gel-like substance called the vitreous humor, which functions primarily to hold the spherical shape of the eye, transmitting light unimpeded with a sharp focus on the retina.


The process of vision depends on being able to make comparisons between light rays coming from different directions. Two factors determine performance: sensitivity and resolution. Sensitivity is all about the number of photons it takes to generate a recognizable signal. Resolution is akin to the number of pixels that make up a photograph—specifically, it is the number of photoreceptors per area of retina in combination with the clarity of the image created by the eye’s optics.


The blood that had leaked into my eyes was absorbing and scattering the light, thereby impeding both sensitivity and resolution. Through my right eye I could make out a little light, but the left eye was a full eight-ball hemorrhage, letting virtually nothing in. My visual world was swirling darkness with occasional glimpses of meaningless light.


The doctors were distressingly noncommittal about my prognosis. There was so much blood in the vitreous humors that they couldn’t see the retinas, which meant they couldn’t be sure they hadn’t detached. All they would say was that the body would clear blood from the vitreous chamber, but it can take months. There was nothing to be done but wait and hope for the best. In the interim, I was simply trying to hang on tight to the roller coaster of recovering from major trauma. It’s a freakish, terrifying ride, where the lows always seem so much lower than the highs.


Then they discovered a massive infection in my surgical site, and cleaning out that pocket of infection required emergency surgery. This was done with only local anesthetic, because of concerns that general anesthesia may have contributed to the DIC. It was agonizing* and terrifying and had to be repeated every other day for a month. At the same time, I was receiving antibiotics intravenously at maximum dosages that burned through my veins and required lots of poking and prodding with IV needles to reestablish the drip. I had a variety of interesting adverse reactions to the different antibiotics, like rashes and boils. Then, just as those woes subsided, I came down with serum hepatitis, thanks to the twenty-three blood transfusions I had received. This involved intense liver pain, lots of vomiting, and a general yellow tinge that looked like a cheap spray-on tan.


And somewhere in the midst of all this, my doctor informed me that my spinal fusion was no good. The “glue” for the fusion was supposed to be made of bone chips taken from my hip and packed around my vertebrae. However, as my doctor regretfully explained, all the flipping around I had done on the recovery room table had sent the bone chips flying: X-rays revealed there was virtually nothing left to grow into a fusion. I was devastated. It was inconceivable that I had suffered through all this for nothing.


Everything that was happening to me seemed so out of my control that I came to realize that my only power came from my mindset. Small things mattered a lot. The big picture was far too scary to contemplate. It was like being trapped on the side of a cliff face with no clue how long I would have to climb to reach safety. “Don’t look down” is good advice if doing so will give you vertigo; “don’t look up” is also sage counsel if there is no end in sight. The only thing I could do, I realized, was concentrate on finding that next handhold.


That ability to shift mental focus became my key to coping with what seemed like an endless series of setbacks. Instead of looking ahead toward a very uncertain and possibly highly debilitated future, or backward to dwell on all I had lost, I pulled my focus in tight and concentrated simply on not panicking. It’s a mind control trick that would later come to serve me well.


THE HUMAN BRAIN has been called the most complex structure in the universe. Since we know so little about the universe, there seems a reasonable chance this might be overstating the case, but there is no question that it’s an impressive collection of cells. What we think of as reality is merely a construct of our brains. We can’t begin to appreciate or comprehend to what extent our understanding is biased by our brain’s filtering of all the data that streams in through our sensors.


If you think your senses provide a true interpretation of the world around you, then consider this: The conduction velocities of the electrical signals coming in from your various senses are not all the same. They don’t arrive at the same time, and yet your brain adjusts things so you perceive them as doing so. If you watch your puppy nip your nose and then your toe, for example, you’d perceive, in both cases, that the sight of the nip and the feel of it occurred simultaneously, even though the travel time from the toe to the brain takes longer (about thirty extra milliseconds) than from the nose to the brain. And besides dealing with varying conduction distances, the brain must cope with different processing times. It takes almost five times longer for the brain to process sights than sounds (about fifty milliseconds as opposed to ten milliseconds). On the other hand, light travels through air about 880,000 times faster than sound, which is why you see the lightning strike before you hear it. Given these differences, it turns out that the sweet spot for humans, what’s known as the horizon of simultaneity, is approximately thirty to fifty feet from the observer. At closer distances, what you hear precedes what you see, whereas farther away it’s the reverse. Yet if you watch someone clap their hands, it doesn’t matter if they’re right in front of you or fifty feet away—in both cases, your brain will tell you that the sight and the sound occurred simultaneously. If you don’t think this is utterly extraordinary, then you need to close your eyes and try to imagine your life playing out as a badly synced movie.


The point is that our brains aren’t simply passive receivers of sensory input. How we experience the world is the result of a dialogue between the senses and the brain that integrates data from the external world with calculations and forecasts from our inner central processor. This dialogue evolved to enhance our chances of survival. We see, hear, smell, taste, and feel only what is needed. Much is hidden, but our ingenuity provides a capacity for revealing what is concealed from our immediate senses, if only we choose to see.


MY RECOVERY ROLLER-COASTER highs were few and far between, and when they did occur, it was difficult to trust them, knowing that they could be yanked away by some new complication at any moment. There was no single moment when I knew my vision would return. Rather, it was an achingly slow process. Initially, it was like seeing through a dirty, heavy lace curtain that moved around a lot, but if I stared long enough at something that didn’t move, I could gather sufficient glimpses through my right eye to piece together an image. Eventually my sight came back enough that my father brought me a book to read—one he had selected for its length rather than its subject matter, so he was unaware that Love Story is about a young woman who dies of a blood disease. It was a short book, but it took me an inordinately long time to read; I had to hold my finger under each word, waiting for a passing hole in my blood curtain, but eventually I finished. And it felt like such a triumph to get through it that the downer ending had little impact.


My highest high came at the beginning of May, when I was finally allowed to sit up for the first time. To make this possible, I was fitted with a back brace that looked like a corset and was intended to provide support to compensate for my diminished muscle mass; I was told that the infection had eaten away 50 percent of the muscles in my lower back. The hole had begun to fill in with scar tissue, but there was still sterile packing that needed to be changed every couple of days. The day the doctor appeared in my room with the brace was one I had been anticipating for weeks. He slid the brace under me and cinched it up. Then, as I lay on my side with my legs extending over the edge of the bed, he rotated me into a sitting position. It was the first time I had been upright in three months. I was taking in all the sensations of being vertical when one of my favorite floor nurses walked by my room. I called out, “Hey, Adrienne, look at me!” and then I dissolved into tears, overwhelmed by happiness.


There was indeed much to be happy about; this outcome had been in serious doubt. As it turned out, my doctor’s pronouncement that the spinal fusion had failed proved untrue. Instead, I was the beneficiary of a totally unexpected medical phenomenon: The massive infection in my back had produced increased calcification at the site of the fusion. Even though most of the bone chips had dispersed, a few had stayed put, and these had been enough to seed bone growth and create a solid fusion.


It was the end of May when I was finally allowed to leave the hospital. My sight had greatly improved, and the car ride was a visual cornucopia. I’d entered the hospital at the beginning of February; the trees had been bare and there was snow on the ground. Now everything was green and lush. The leaves on the trees vibrated with color and life. I felt desperate to drink them in. The heavy lace curtain in my right eye had broken apart and turned into floaters, dark spots that drifted through my field of vision—a distraction, but not a hindrance. My left eye was also progressing. A lot more light came through, although more around the edges than in the center. Turning onto our tree-lined street and seeing our two-story white clapboard house, with a magnificent spray of bright red tulips lining the walkway, I felt humbly grateful and elated all at once. Even the sight of the stairs leading to the front door and the longer flight to my bedroom on the second floor was exhilarating. Getting up those stairs the first time was tough, but with each day it got easier, and I was highly motivated. After four months of captivity, I was desperate to be outside. Five days after returning home, I managed to walk to my old climbing tree by the edge of the pond and give it a pat.


That tree is gone now, long ago chopped down and replaced by something more classically tree-like. My perception has outlived the reality. I can recall the shape and placement of its branches, the feel of its corrugated bark, the earthy smell around the base of the trunk where its roots extended toward the pond. Upon my return from the hospital, I saw that tree with much greater appreciation for the act of seeing, which made me think more deeply about what I was seeing.


We connect to nature through our senses, but that’s not the only way to see. Over time I have added layers to the memory, greatly expanding my understanding of the how and why of treeness. Knowing how a tree carries water and nutrients from its roots to its leaves, and sugars from its leaves to its roots, and how willow bark harbors aspirin-like compounds adds layers of significance to the memory.


It is easy to understand why a tree is the living thing most often used to symbolize the human need to connect to nature. Poets and conservationists pen odes to “a tree called life” because it is a living being that nearly everyone has experienced firsthand. But how do we connect to nature on the much broader scale upon which we are now impacting it? We live on an ocean planet, but we have very little understanding of what that actually means. Ours is a living, breathing water world, filled with creatures whose existences are so utterly alien to our own, it’s a significant struggle to relate to them.


How we choose to perceive the world around us shapes our existence. We believe we see the world as it is. We don’t. We see the world as we need to see it to make our existence possible. At least that used to be true, but our world is changing so rapidly that we need a bigger picture of what makes life possible. We can’t just look to trees to understand the intricate workings of the natural world. We must include the ocean and its myriad astonishments in a wider, wilder view. To look at the surface of the ocean without knowing the sparkling web of life that is woven through its depths is to be blind to its wonders and the part it plays in making our existence possible.









Chapter 2


[image: image]


FIAT LUX*


Spitting into my mask, I scrubbed the inside of the faceplate to prevent fogging. The sun had just disappeared below the horizon and the sky’s light was rapidly fading. It was 2012, and I was off the Caribbean island of Saba with a bunch of folks who had come out on this dive boat because I suggested they might see bioluminescence, though I had never been diving here and couldn’t be sure. We all donned snorkel gear and slipped from the boat into the warm tropical waters.


Floating at the surface, I eagerly scanned the sandy bottom ten feet below. Out of the corner of my eye I thought I saw something. Was that a glowing spot in the sand? When I looked directly at it, it seemed to disappear. But a little while later there was another, and another. Then I heard somebody shout, “Hey—look at that!” Someone else managed a muffled “Wow!” into their snorkel as more and more of the blue lights appeared and then began rising off the seafloor like strings of glowing champagne bubbles. In just moments we were surrounded by the ephemeral chasing lights that are the mating displays of sea fireflies.


These remarkable little creatures are crustaceans called ostra-cods, which aren’t much bigger than sesame seeds but are capable of producing copious amounts of light. Their common name comes from the fact that they use their bioluminescent displays as fireflies do on land—to attract mates. It’s the males that put on the show; they emerge from Caribbean reefs, seagrass meadows, and sand just after twilight, and as they swim through the water they squirt out discrete globs of light that are a mix of their light-producing chemicals held together with a dab of mucus. The lights appear and then disappear sequentially. For some of the people on that boat, it was the first time they had ever seen bioluminescence, and they were totally captivated and awash with questions.


The first time I saw bioluminescence was in my backyard. Mine is a quintessential childhood memory: fireflies flashing their lovers’ code on a warm summer’s eve as I ran barefoot in pursuit, stirring up the heady green smell of freshly mown grass. Catching these living lanterns was easy. I could hold one in my cupped hands and peek between my palms to watch its abdomen flare. How does it do that? I marveled. It’s a question not easily answered. If you try to take a firefly apart to see how it works, the first thing you have on your hands is a nonworking firefly.* However, holding it gives at least one clue to its sorcery. Bioluminescence is cold light. This seems surprising, because, based on our everyday experiences with the sun, candle flames, and incandescent lightbulbs, we associate light with heat. Nevertheless, they are not inseparable.


All light comes from atoms. Picture the simple Bohr model of an atom, where negatively charged electrons orbit a positively charged nucleus and the orbits are represented as concentric shells. Different distances from the nucleus represent different energy levels. Electrons in the orbits nearest the nucleus have the least energy. If an electron absorbs enough energy, it jumps to an outer orbit and then, when it falls back down to its ground state, it gives up energy as a packet of light called a photon. All light is generated by this same basic process. The only distinction between different kinds of light is how the electrons get excited in the first place.


In a candle flame, say, or an old-school lightbulb, the electrons are excited by thermal energy, in which case the light is called incandescence. The prevalence of such sources is why we associate heat with light. But there are other means of excitation, such as a chemical reaction, in which case the light is called chemiluminescence. Bioluminescence is a special case of chemiluminescence, distinguished by the fact that the light-producing chemicals are synthesized by living organisms. Light sticks, which emit light but not heat, are another example of chemiluminescence, one where the chemicals are manufactured by humans.


Any light that isn’t caused by incandescence is lumped under the heading of luminescence. Besides bioluminescence and chemiluminescence, there are more obscure phenomena like sonoluminescence, caused by sound, and triboluminescence, caused by the breaking of chemical bonds.* Two more common examples of luminescence, fluorescence and phosphorescence, frequently get confused with bioluminescence, but they’re not equivalent, because their excitation energy comes from light rather than from a chemical reaction.


Something that is fluorescent absorbs light of one color and re-emits a different, longer-wavelength (i.e., lower-energy) color. Black-light posters, for example, absorb ultraviolet light that is largely invisible to our eyes—which is why it’s called black light—and re-emit it as a visible color. A fluorescent lightbulb is so called because the inside of the glass tube is coated with a fluorescent material that absorbs the UV photons emitted by gas atoms in the tube, and emits visible photons. This is accomplished with almost no release of infrared light (heat), which is why you can touch a fluorescent bulb without being burned.


Phosphorescence is not bioluminescence, despite how often you hear the words equated. It’s a very common misconception that has been repeated so many times it borders on a disinformation campaign. Phosphorescence, like fluorescence, is excited by light, but with an added delay in the re-emission, making it the basis of the fearsome glow-in-the-dark decorations and toys sold at Halloween. Part of the confusion between phosphorescence and bioluminescence stems from descriptions of bioluminescence as resembling “liquid phosphorus.” Certain forms of chemical phosphorus produce a dim glow, and as a result, the word phosphorescence was originally coined to describe things that glow without burning, but, in fact, the glow of phosphorus is not phosphorescence but rather the result of a chemiluminescent reaction.


I’ve often thought that it’s too bad there isn’t an alternate word for bioluminescence, because the fact that people find it difficult to spell and pronounce has contributed to its relative obscurity. Years ago, I worked with an artist to create a coloring book about bioluminescence that included glow-in-the-dark paints. Since the whole idea was to share the feeling of pure wonder, I struggled to find just the right title. I thought The Living Lights Coloring Book would do but then rejected it because it might be mistaken for something to do with religion and went with a more scientifically accurate but less approachable title, The Bioluminescence Coloring Book—which may be why we still have several thousand of these masterworks in storage.


The names of the chemicals that produce the light in a bioluminescent reaction are a bit more manageable: luciferin and luciferase. That terminology was the invention of the French physiologist Raphaël Dubois (1849–1929), who is generally credited with ushering in the modern era of bioluminescence research. Working with a bioluminescent click beetle and later a bioluminescent clam, he demonstrated that their light-producing chemicals could be extracted using an experimental approach involving hot-water and cold-water extractions. When the tissues were ground with cold water, he got light emission for several minutes before it went dark. Hot-water extracts, on the other hand, did not produce light, but when the now-dark cold-water extract was mixed with the hot-water extract, he discovered that he could reactivate the light emission.


Dubois called the substance from the hot-water extract luciferin and the substance from the cold-water extract luciferase. The terms were derived from lucifer, which means “light-bringing” in Latin (from lux, or “light,” and ferre, “to bring”). The suffix -ase is traditionally used to name enzymes. Enzymes are large, complex molecules that are destabilized by heat, while substrates are generally much smaller, more stable molecules. Therefore, Dubois made the following deductions: (1) While both the enzyme and the substrate were initially present in the ground-up cold-water extract, the substrate, which he called luciferin, was used up in a matter of minutes and the light extinguished. (2) The hot-water extract did not produce light initially, because the heat denatured the enzyme, leaving just the heat-stable luciferin. (3) Mixing the hot- and cold-water extracts was therefore the equivalent of mixing the heat-stable substrate, luciferin, with the heat-labile enzyme, luciferase.


Dubois’s terminology is still used today, but it sometimes causes confusion because people believe the names refer to specific chemicals. They don’t. They are generic terms used for any bioluminescent substrate or enzyme, of which there is a surprising variety.


That there are so many different bioluminescent chemicals is a testament to how important bioluminescence is. The ability to produce light is so critical to survival that it has been selected for independently more than fifty times during evolutionary history. This is known as “convergent evolution,” where creatures that aren’t closely related evolve similar traits in order to adapt to similar circumstances. For example, although sharks and dolphins share analogous streamlined body shapes and fins of comparable form and function, this is not because they are closely related genetically; sharks, after all, are fish, while dolphins are mammals. Rather, that particular body plan works well for maneuvering through water and therefore provides an advantage—allowing them to catch more food and evade more predators and thus survive long enough to pass on their DNA.


In the case of bioluminescence, many very different animals solved the problem of how to survive in the dark the same way: Make your own light. In textbooks on evolution, the classic example given for convergent evolution is eyes, like those of squid and octopods (invertebrates) and those of fish and humans (vertebrates). In both cases, the eyes are camera-like in that they have an iris and a lens at the front that focuses light on the photoreceptors at the back. However, while the photoreceptors in the cephalopod eye face toward the lens, for vertebrates they face away—clear evidence of their independent origins.


In fact, eyes have evolved independently more than fifty times, appearing in diverse animals like jellyfish, flatworms, flies, mollusks, fish, and whales, in a variety of forms, from simple pits or eye spots to more elaborate camera-like eyes and complex compound eyes (sometimes called bug eyes) consisting of thousands of individual light-gathering units. This is similar to how many different times it’s thought that bioluminescence evolved. However, there is one remarkable distinction. All eyes depend on the same chemistry—a light-sensitive protein called an opsin—while the luciferins and luciferases that make bioluminescence possible are unique in different groups of animals.


The independent origins of such disparate chemical systems in so many different groups of animals are not only a stunning testament to just how critical bioluminescence must be to their survival but a treasure trove for science. Like Prometheus stealing fire from Zeus to give to mankind, scientists have found all manner of ways to harness living light—using chemicals extracted from bioluminescent organisms to illuminate the inner workings of cells and test for life processes and key molecules.


One chemical, green fluorescent protein (GFP), extracted from a bioluminescent jellyfish, has so advanced human understanding of cell biology that the impact of its discovery has been equated to the invention of the microscope. Bioluminescent sea fireflies have provided the means to image tumor tissues and test the effectiveness of anticancer agents in a single animal, instead of having to sacrifice large numbers of animals at different times to study the effectiveness of the treatment. The bioluminescent chemistry of terrestrial fireflies is routinely used to test for bacterial contamination and, less routinely, to test for the presence of life on Mars. There are many more examples. There are also remarkable numbers of bioluminescent chemistries still awaiting discovery, and new applications to be invented that could lead to equally phenomenal breakthroughs.


However, even where we have identified what chemicals are involved in producing bioluminescence, that still doesn’t answer the question How does it do that? Saying that we understand x because we know y would be akin to claiming that you understand how a car works because you know it runs on gasoline. There’s a bit more to it than that.


The fact that I became involved in research that asked that very question of a different light-producing organism had nothing to do with my youthful musings on the subject. In fact, I think it’s safe to say that I gave no thought whatsoever to how animals make light for almost two decades after my childhood firefly encounters. Rather, my obsession with bioluminescence grew out of my brush with blindness.


* * *


I SAW THE world very differently after I got out of the hospital. There were moments of surpassing joy for the act of seeing, but there were also moments of unfamiliar doubt. I had regained sight but lost the supreme confidence of youth that anything is possible. I learned the hard way that the two sides of the anything coin might include bad just as easily as good, which meant I felt the need to consider possible negative outcomes and try to always have a plan B.


It is a measure of just how much my worldview had shifted that when I returned to Tufts in the fall of my sophomore year, I changed my major from marine biology to premed. As it turned out, this was a temporary detour, but at the time it was a significant upheaval of my life’s plan. I had held firm to the goal of becoming a marine biologist since I was eleven years old.


That year, when kids my age would normally be in sixth grade, was transformative for me. Up until then I had been a mediocre student. I had always hated school and, as a result, had paid little attention to anything my teachers were saying, merely biding my time by daydreaming until I could get home and be outside. But the year I turned eleven was a year of travel that woke me from my reverie. My parents were Ph.D. mathematicians, and that year was a sabbatical year for my dad, who was a professor at Harvard. My mother, who had given up full-time teaching to raise my brother and me, resigned her part-time position at Tufts to spend the year abroad.*


My brother, eleven years older, was married by the time I was ten, so it was just me and my parents that year. The plan was to spend half the year traveling and half in Australia, where my dad had a Fulbright fellowship at the University of Melbourne. Since I would be out of school for most of the year, Mom and Dad would be my teachers. Homeschooling wasn’t a thing in those days, and this was considered a bit unorthodox. However, since the primary focus of the sixth-grade curriculum was world history and math, and I would be traveling around the world visiting historical wonders with a couple of mathematicians, my school grudgingly conceded that I might survive the academic deprivation and ultimately decided that I would be allowed to come back into the public school system without having to stay back a year.


The things I saw during our travels awakened me to a whole world of possibilities, and my childhood daydreams of being a female Zorro transitioned to more-adult ambitions. Magnificent art in Europe, archaeological wonders in Egypt, wrenching human suffering in India, and fantastic wildlife in Australia sequentially inspired in me new career goals of artist, archaeologist, humanitarian, and biologist. Australia had the greatest impact, reinforcing a lifetime fascination with animals through encounters with koalas, kangaroos, wallabies, wombats, fairy penguins, black swans, emus, flocks of brilliantly colored parrots, and that most absurd of creatures, a platypus.* It seemed impossible to imagine anything more fantastic than the chimeric absurdity of a duck’s bill, a beaver’s tail, and webbed feet like an otter’s, until I learned that the female lays eggs like a reptile and feeds her babies on milk like a mammal, while the male exhibits his studliness with venomous spurs on his hind legs.


In Fiji, where we stayed on the aptly named Coral Coast—our last stop before heading home—my dream of becoming a biologist morphed into marine biologist. Our thatch-covered hut, which sat right by the water, had open windows and a canopy of mosquito netting over each bed. During the day, I was allowed to roam the coral reef on my own. Now I look back with dismay at our ignorance and that of the resort’s owners, who not only permitted but encouraged tourists to don sneakers and walk out on the flat-topped live coral reefs at low tide. At that time, the reef was still magnificent, but I have no desire to return these many years later, because I know what I would see would be only a faint shadow of its former glory.


The reef was a rainbow-colored kaleidoscope of life so rich in natural wonders that I could never focus on one thing for any length of time before my attention was yanked away by some other fantastic sight. There were pink, purple, and gold corals forming interleaved plates and reticulated domes. There were deep, glass-clear tide pools, each like a separate tropical aquarium filled with brilliantly colored fish, fantastic banded shrimp with elegant long antennae, cobalt-blue starfish, and giant clams so big they could have swallowed me whole, each sporting an exquisite scalloped mantle colored brightly in azures, greens, indigos, and golds that seemed to glow from within.*


In one shallow pool, I found an especially exotic-looking fish with burnt umber and white stripes and fin rays sticking out from it in all directions. Unlike the other tide-pool fish that darted away when I tried to peer closely at them, this pugnacious fellow just fluffed out his fins and stared up at me as if to say, “Yeah? So what’s your problem?” My problem was that I desperately wanted to share this fantastic find with my parents, but I was a long way from our hut. I was afraid I wouldn’t be able to find him again if I tried to lead them back, so I very carefully herded him into a plastic bag I had with me and started to carry him. Then I got worried that he might suffocate and, knowing how terrible that would make me feel, I gently put him back.
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