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To my mother,
for sharing her sense of wonder with me




INTRODUCTION



We are often described as sentient beings, but what does this mean? The word, from the Latin sentire, ‘to feel’, is so mercurial that the philosopher Daniel Dennett has, perhaps playfully, suggested, ‘since there is no established meaning . . . we are free to adopt one of our own choosing’. Some use sentience interchangeably with the word consciousness, a phenomenon that in itself is so elusive as to reduce the most stalwart scientific mind to incantations of magic. Marvelling at how brain tissue creates consciousness, how material makes immaterial, Charles Darwin’s staunch defender, T. H. Huxley, once pronounced it ‘as unaccountable as the appearance of Djin [sic] when Aladdin rubbed his lamp’; more recently, while probing the soft jelly of a patient’s brain, the neurosurgeon Henry Marsh agreed that the idea his fine sucker was passing through thoughts and feelings was ‘simply too strange to understand’. To some scientists, therefore, sentience becomes a hard – if not the hardest – problem in the study of the natural world. However, there is a simpler definition. Sentience also describes our ability to sense the world around us. Such sensitivity leads to our experiences of seeing the creamy white page of this book, feeling its weight in our hand, perceiving the murmur of a page turning, but sentience is then the foundation on which the mirage of consciousness shimmers. Scientists and philosophers debate whether animals experience consciousness, but most readily ascribe to them the pared-down version of sentience. This book reflects on how each of the sentient beings with whom we share the planet offers a different perspective on how we sense, even make sense, of the world and on what it means to be human.


The typical person, as Leonardo Da Vinci noted, ‘looks without seeing, listens without hearing, touches without feeling, eats without tasting . . . [and] inhales without awareness of odour or fragrance’. We are guilty of underappreciating – and underestimating – our sensory powers; after all, they circumscribe every waking moment. Observing how familiarity dulls our senses and anaesthetizes us to the wonder of existence, the biologist Richard Dawkins suggested that ‘we can recapture that sense of having just tumbled out to life on a new world by looking at our own world in unfamiliar ways.’ Looking at our evolutionary family tree is one such way. We share a deep past with all creatures, but those I have chosen – from sea, land and air – epitomize one or more of the various senses. The spookfish has an uncanny ability to detect light in the ocean’s bathypelagic depths. The star-nosed mole navigates sunless subterranean tunnels through touch, whereas on moonless nights the male giant peacock moth finds females miles away through smell. An exploration of such excesses proves there is more to unite than divide us. Our furred, finned and feathered relatives offer insights across the range of human experience in all its shortfalls and surfeits. Through their eyes, ears, skins, tongues and noses, our familiar and ordinary become unfamiliar, extraordinary, and curious new senses emerge.


The sensorium that we parrot from nursery – sight, smell, hearing, touch and taste – was set out over two millennia ago in 350 BCE by Aristotle in De Anima (On the Soul). His concept of five senses persisted through Shakespeare’s five wits and, to this day, remains a near-universal belief expressed across cultures, not only in everyday conversation but also in scientific literature. However, modern science has proved Aristotle wrong. Today a human ‘sixth sense’ – once confined to the realms of pseudoscience with tales of telepathy or other extrasensory perceptions – is not simply scientific fact but has been joined by a seventh, an eighth, a ninth and more. ‘We still are in the grip of an Aristotelian view of our senses,’ said the philosopher Barry Smith, ‘but if we ask neuroscientists, they say we have anywhere upwards of twenty-two.’ The neurobiologist Colin Blakemore confirmed this: ‘Modern cognitive neuroscience is challenging this understanding, instead of five we might have to count up to thirty-three senses, served by dedicated receptors.’ Aristotle’s sensorium is proliferating.


Expert opinion differs on the final tally because there is, as yet, no consensus on how to define a sense. This shifts as scientists interrogate the substrate behind our various sensory systems. Some argue that it is folly even to try counting separate senses, as perception is about integrating information across them all, a fundamentally multisensory experience. We confuse the issue further in day-to-day conversation by invoking senses of loss and love, guilt or justice, art and music. While debate continues, what is not contested is that our eyes, ears, skin, tongue and nose support more than one way of seeing, hearing, touching, tasting and smelling – and that Aristotle failed to identify a host of other senses that toiled tirelessly beneath his awareness. Science has since shown that our eye senses not simply space but time. Some suspect it may even sense location much like a navigational compass. Our inner ear hears, but also senses whether we are balanced and keeps us on an even keel. Our tongue smells and our nose tastes, as do other bits of our body. Our nose might also detect airborne messages that don’t even have a smell. A strange variant of touch exists within our muscles that grants knowledge of where our body is, allowing us to move with coordination and without thinking; another might inform the profound sense of our self. Unaware of their workings, like Aristotle, many remain ignorant of these senses. Yet these and more alchemize into sentience. In his final article for the New York Times, written a few months before his death, the man once described as the poet laureate of neurology, Oliver Sacks, bade farewell: ‘I cannot pretend I am without fear. But my predominant feeling is one of gratitude . . . Above all, I have been a sentient being, a thinking animal, on this beautiful planet, and that in itself has been an enormous privilege and adventure.’ Open your eyes, ears, skin, tongues, noses and more to the everyday miracle of being sentient.
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I


THE PEACOCK MANTIS SHRIMP AND OUR SENSE OF COLOUR





True to its various names, the peacock, painted or harlequin mantis shrimp is one of the most colourful creatures on the Great Barrier Reef. Neither shrimp nor mantis, Odontodactyllus scyllarus is more akin to a diminutive lobster with a kaleidoscopic carapace of indigos, electric blues and bottle greens. Yet this captivating countenance belies a somewhat irascible temperament. One spring day in 1998, at the Sea Life Centre in the English seaside town of Great Yarmouth, a particularly pugilistic specimen named Tyson astounded onlookers by smashing through the thick glass wall of his aquarium. ‘He was clawing and snapping. Nobody dared touch him,’ the manager told the national press. ‘All our visitors assume our sharks are the man-eating killers, but they are pussycats compared to Tyson. His power is incredible.’ Tyson was not the first to attempt such jailbreak; these marine crustaceans, known as stomatopods, have developed quite a reputation among aquarists and scientists. Indeed, research has shown that the peacock mantis shrimp uses its club-like arms to pack a punch faster and more forceful than any heavyweight boxer.


One scientist at the University of California, Berkeley, made it her mission to understand the mantis shrimp strike, but only because she had run into problems with her original research plan. ‘I decided to take a break from trying to study their sound production and look instead at a behaviour they perform regularly, without hesitation,’ explained Sheila Patek. ‘It was a classic example of how failure can open up new and unexpected directions.’ Her first challenge was to find a camera system fast enough. ‘Standard high-speed video cameras, that film at 1,000 frames per second, are too slow to capture the creature’s strike. They only show a single frame of blur.’ An opportunity arose to team up with a BBC film crew and use the latest high-speed technology for low light conditions. ‘Low light is the critical issue when filming these animals,’ because, ‘if it’s too high, you fry them.’ The experiment was simple to set up: a peacock mantis shrimp, a sacrificial snail loosely tethered to a stick – ‘they are aggressive animals, happy to strike whatever is placed in front of them’ – and, sure enough, they soon had a recording of a shell-splitting impact. They had filmed the punch at 5,000 frames per second and, playing it back, they slowed it down by a factor of three hundred. ‘It was still pretty darn fast,’ Patek told me. ‘Even a back-of-the-envelope calculation for the speed and acceleration of the strike put them right at the outer limits of what people had ever seen.’ The final calculation was more surprising still. It was the fastest strike ever recorded in the animal kingdom. ‘It is a glorious moment as a scientist to see something for the first time and recognize how special it is,’ Patek added. The calcified club accelerated like a bullet in a gun, reaching its target in three thousandths of a second, at velocities approaching 80 kilometres (50 miles) per hour. ‘But that was not the end of the story.’


Patek decided to film the behaviour at even faster speeds. ‘At 20,000 frames per second, we saw an incredible flash of light where the limb hit the snail, that then spread over the shell,’ she said. ‘I recognized it instantly.’ She was looking at a potent phenomenon called cavitation, which occurs where areas of water moving at vastly different speeds meet and the pressure drops. ‘This results in the water literally vaporizing and when that vapour bubble collapses, it does so with such destructive force that it emits sound, heat and light.’ The experiments revealed that the force behind the peacock mantis shrimp’s fist is so great that sparks really do fly. The knockout blow spells doom for aquarium walls and any snails unfortunate enough to be within reach. Patek’s research enabled the Guinness World Records to claim it, relative to the animal’s weight, as ‘the most powerful punch in the animal kingdom’. But the mantis shrimp shows prowess beyond the boxing ring.
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Just inland from the Great Barrier Reef and the Coral Sea, the University of Queensland’s Brain Institute is perhaps an unlikely global hub for stomatopod science. ‘My major research love in life is the mantis shrimp,’ confessed Justin Marshall, the professor in charge of the Sensory Neurobiology Group. He and his team are often seen swapping lab coats for snorkels and scuba gear to brave encounters with these plucky crustacea and keep their aquarium well stocked. ‘The local fishermen call them thumb-splitters so we have to be careful,’ he informed me. ‘We collected this peacock mantis shrimp a few weeks ago, on the reef just off Lizard Island. They are secretive creatures, often hidden away. This one was between a couple of rocks, so we put the net at one end, then prodded the other and he shot straight into our trap.’ As Marshall peered down into a glass tank, a pair of protuberant, purple-hued eyes returned his gaze. ‘These eyes are unique,’ he explained. ‘Even the way they look at you is disturbing. A shrimp will fix you with its eyes, turn its back, scratch its behind, then turn back to eyeball you again, just like a monkey might do: as if they have primate-like awareness.’ Little seems to escape the stare of a mantis shrimp. Seemingly curious eyes swivel on stalks, independently of one another, rarely in the same direction or at the same time. Scientists have shown that, whereas we need two eyes for depth perception, the mantis shrimp needs only one. This is the first of many visual talents. As Marshall told me, ‘its eyes are more powerful than its right hook.’


Marshall’s fascination with Tyson and his brotherhood began some thirty-five years ago, on the other side of the world. He was beginning a PhD with Mike Land at the University of Sussex and had been scouting around for a subject, when the decision was made for him by the visit of a foreign dignitary. ‘A larger-than-life African princess wearing a psychedelic kaftan of many colours came to see the aquarium room,’ he recalled. ‘As she walked through the door, all the stomatopods leaped to the front of their tanks and waved their appendages. I began to wonder if they might see colour: a radical step for such a small-brained crustacean.’ Marshall decided to have a closer look. Under a light microscope, the surface of the peacock mantis shrimp’s eye resolved into thousands of tightly packed hexagonal lenses called ommatidia, faceted like the compound eye of a fly. A line running horizontally across the middle caught Marshall’s interest. ‘I could see a midband made up of six parallel lines of ommatidia, in which each ommatidium was bigger and more raised than those in the rest of the eye.’ To understand how these elements worked, he had to look closer still; he had to access their inner architecture.


With great care, Marshall froze, then finely sliced the midband and placed the sections beneath the microscope. What he saw through the eyepiece was extraordinary: ‘Each ommatidium was made up of light-sensing cells stacked one on top of another; three tiers in the first four rows, two tiers in the lower two.’ Yet, their microstructure was not the most startling aspect. ‘I was expecting to see transparent things under the microscope, but lo and behold, I saw tiny blocks of bright, different colours instead.’ There were reds, oranges, yellows, blues, pinks and purples scattered throughout the ommatidia: a rainbow hidden within the creature’s eye. Similar coloured oil droplets had been observed before in animals, such as birds, where they filter light and enable colour vision. ‘This was a pretty persuasive clue that these animals see colour,’ Marshall told me. ‘I let out a litany of expletives and went to find Mike.’


Marshall would need a rare piece of scientific equipment. ‘At the time there were only four of these machines in the world,’ he explained, ‘so Mike shipped me off to Baltimore for a few months, to Tom Cronin’s lab. Tom had the kit and was the crustacean vision man.’ A microspectrophotometer passes a narrow beam of light through a microscopic section of cells and, by measuring what reaches the other side, it identifies what light they absorb. It would allow Marshall to examine the sensory cells within the mantis shrimp eye that receive and respond to light: its photoreceptors. The work must be done in near darkness, targeting photoreceptors mere thousandths of a millimetre across. Analysing the ommatidia row by row, Marshall started to notice that the various cells within the rows absorbed different light wavelengths. In the first four rows, he found as many as eight types of photoreceptors, each tuned to a distinct colour wavelength. Here was proof that the coloured oil droplets he had seen were indeed filters and that the mantis shrimp’s world was full of colour. ‘These eight photoreceptors meant the peacock mantis shrimp has colour sight more complex than any animal ever studied at the time and more complex than I could have dreamed up,’ said Marshall. ‘The story Justin brought back from America was amazing,’ agreed Land. ‘Some birds and butterflies may have as many as five, but eight!’ Marshall took stock: ‘If this was shocking, there was more to come.’


Marshall’s investigations would uncover four additional photoreceptors for wavelengths of light that are invisible to our eye. Ultraviolet vision may not be unusual in the animal kingdom – it was known already in birds, bees and butterflies – but it expanded the mantis shrimp’s sense of colour and brought the count of photoreceptors to twelve. ‘It was such a ludicrous excess of colour capability that I was baffled. It did not make sense,’ admitted Marshall. Meanwhile, Land realized that ‘this was a colour system quite unlike ours, or any other known animal’. Further research revealed further excesses: eight more photoreceptors, including six for a property of light called polarization that specifies how it vibrates. Whereas colour-blind octopuses see patterns of polarized light, the mantis shrimp detects not only colour and regular polarized light, but also circularly polarized light, which vibrates differently again. This last talent enables stomatopods to extract yet more information from the sun’s rays. To our knowledge, no other animal can see circularly polarized light, so they use it amongst themselves as a secret channel of communication. ‘The eyesight of these creatures is formidable,’ Marshall told me. ‘400 million years ago, one of them got hold of an optics text book and now they are a physics lesson on a stick.’ When Tyson eyeballed the world beyond his tank, he did so with what Guinness World Records calls the ‘most complex eyes of any animal’, with the ‘greatest colour vision’. No other eye approaches the shrimp’s twenty different photoreceptors. According to Marshall, ‘we now know that the eyes of the mantis shrimp are out of this world.’ However, they also tell us something about the many ways that we humans see the world.


The amount of information conveyed within light is diverse, if not infinite. To take advantage of this, mantis shrimp eyes support many different ways of seeing; they sense ultraviolet light, regular and circularly polarized light, to name a few. Similarly, science can divide human sight into separate senses. As the introduction to this book acknowledges, experts debate exactly how many, and the number they arrive at depends on how they define a sense. In Great Myths of the Brain, while contesting ‘the mistaken idea that we have precisely five senses’, the cognitive neuroscientist Christian Jarrett suggested that if we are classifying according to photoreceptors, human vision can be subdivided into four senses, but if we are classifying according to visual experiences, the number is far greater. Despite our disparate eyes, one can argue that we share some of the shrimp’s visual senses and that its greatest visual skill – a propensity for colour – illuminates how we see rainbows. To understand the full range of human colour vision, one must consider its antithesis: human colour blindness. Not the relatively commonplace incapacity to distinguish between red and green, but the complete and utter loss of every shade under the sun.
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In a far-flung swathe of the South Pacific, north of Papua New Guinea, lie a cluster of Micronesian islands and the remote atoll of Pingelap. This one square mile fringed by beaches and coral reefs has a clear lagoon at its centre, one main street, a school and a congregation of churches. Pingelap is a picture-postcard paradise. Yet, an inordinate number of its 250-or-so inhabitants are born with a rare impairment called achromatopsia: a condition that drains their vision of all colour. They have never seen the sea-tinted skies, the sunshine yellow of the local teardrop butterflyfish or the inflatable crimson neck of the great frigatebird as it booms out its mating call. Their world is confined to graduating greys and quickening shadows.


In 1994, the late neurologist Oliver Sacks embarked on a 12,000-kilometre pilgrimage from New York to what he called the ‘island of the colour-blind’. He had long been fascinated by complete colour blindness since suffering from an attack as a child during a particularly unpleasant migraine. Although it had lasted only minutes, it left an indelible impression. Sacks wrote, ‘This experience frightened me, but tantalized me too, and made me wonder what it would be like to live in a completely colourless world, not just for a few minutes, but permanently.’ Years later, he came upon achromatopsia on meeting the man he wrote about as Jonathan I., a painter who had lost his sense of colour in a car crash. Jonathan I. had likened his condition to ‘viewing a black and white television screen’. ‘My brown dog is dark grey. Tomato juice is black,’ he added; people appear ‘like animated grey statues’, with ‘rat-coloured’ flesh and everything is ‘molded in lead’. His world had become impoverished, even grotesque, and Sacks wondered whether this was because, although he could no longer remember or dream of colour, he remained conscious of what might have been.


Pingelap could offer Sacks fresh insight because its colour-blind islanders had been this way from birth. ‘I had a vision, only half fantastic, of an entire achromatopic culture,’ he mused, ‘where the sensorium, the imagination, took quite different forms from our own, and where “colour” was so totally devoid of referents or meaning that there were no colour names, no colour metaphors, no language to express it.’ He undertook the journey to Pingelap with Knut Nordby, a Norwegian vision scientist who, like the islanders, was born with achromatopsia. Stepping off the tiny prop plane onto Pingelap’s concrete runway, Sacks and Nordby were greeted by groups of squinting children. Sacks realized it was the first time the islanders had met an achromatope from elsewhere, and the first time Nordby had seen so many of his own kind. ‘It was an odd sort of encounter. Pale, Nordic Knut in his Western clothes, camera around his neck . . . [surrounded by the] achromatopic children of Pingelap – but intensely moving.’


The team soon discovered that the colour-blind islanders would go to lengths to avoid glaring sunlight. They would emerge from their homes only in the early mornings and evenings; many had taken to working as nocturnal fishermen. Those that did brave the daytime did so only with the protection of visors, wide-brimmed hats and sunglasses. Achromatopsia is more than a simple absence of colour. As Nordby explained: ‘I am easily dazzled and in effect, blinded if exposed to bright light.’ Despite the inconveniences, the locals did not view colour blindness negatively. Sacks learned the achromatopes hold a special place in local mythology as children of their god Isoahpahu. Nordby wrote, ‘Although I have acquired a thorough theoretical knowledge of the physics of colours and the physiology of the colour receptor mechanisms, nothing of this can help me understand the true nature of colours.’ Yet he, too, found positives in his situation: ‘I have never experienced the “dirty”, “impure”, “stained” or “washed out” colours reported by the artist Jonathan I.,’ and ‘I do not experience my world as colourless or in any sense incomplete.’ As Sacks watched Nordby taking photographs of the island, he was impressed by how little colour blindness seemed to inhibit his sense of beauty. He wondered if Nordby saw ‘more clearly than the rest of us’, whether to him the rich vegetation, which to us colour-normals was a confusion of greens, was ‘a polyphony of brightnesses, tonalities, shapes and textures’. This thought exposed the gulf between his two encounters with achromatopsia; whereas Jonathan I. had viewed the condition as a blight, Nordby and the islanders seemed to appreciate its blessings. As another achromatope would later tell him, ‘We look, we feel, we smell, we know – we take everything into consideration, and you just take colour!’ Such an outlook begs the question whether, perversely, colour might blind the rest of us to much of what the world can offer.


Presumably, an achromatope’s experience of reality could not differ more from that of the mantis shrimp. If there were a continuum for colour vision, the achromatope’s richly informed but monochrome viewpoint would be at one end and the crustacean’s technicolour at the other. The points in between, where we fall, have dramatic effects on our own experience. In fact, there is sufficient variation between those of us with colour-normal eyes to divide the public, as it did in February 2015, over whether an image of a dress was ‘blue and black’ or ‘white and gold’. Such diversity of visual experience is a compelling reminder that colour is not out there in the world, but within each of us. A centuries-old philosophical thought experiment runs, ‘If a tree falls in the forest, and no one is around to hear it, does it make a sound?’ The American essayist, poet and naturalist Diane Ackerman suggested something similar for colour vision: ‘If no human eye is around to view it, is an apple really red?’ The answer to both questions is ‘no’; colour and sound do not exist without a spectator or a listener to see or hear them. Colour is in the eye of the beholder. Ackerman added that the apple is also ‘not red in the way we mean red’. The photoreceptors of our eyes register only a small bandwidth of the electromagnetic spectrum, which we call light. We perceive its various wavelengths as the rainbow’s many hues. When sunlight hits an apple, the peel absorbs a portion, the rest is reflected, some of which enters our eye. We see the rejected wavelength only, the wavelength we perceive as red. As Ackerman puts it, ‘The apple is everything but red.’ Yet, in an achromatope, something malfunctions that prevents them from seeing red, and any other colour. To understand this inability is to clarify our own ability.


About thirty years before Sacks’s visit, the prevalence of achromatopsia on Pingelap caught the attention of a young ophthalmologist from Honolulu University, named Irene Hussels. Arriving on the island aboard the HS Microglory in 1969, she and her colleagues found this condition, which usually afflicts no more than one person in 30,000, affected as many as one in twenty of the islanders. Like many small island communities, Pingelap’s history is handed down by word of mouth. Talking to the tribal elders, they soon learned of a storm that had laid waste the atoll, some two centuries previously. Further research revealed that over a few minutes in 1775, typhoon Lengkieki had wiped out 90 per cent of the inhabitants. The ensuing starvation killed more. Ultimately only twenty or so survived, including the king, Nahnmwarki Okonomwaun. Over the years that followed, the population began to bounce back, aided in no small part by his heroic breeding. Tellingly, Hussels learned that two of the king’s six children with his first wife, Dokas, had been totally colour blind; the rules of genetics dictate that for this to have happened, the king and his wife must both have been asymptomatic carriers of a gene for achromatopsia. Carefully tracing family trees, the scientists worked out that every living island achromatope was a descendant of Nahnmwarki Okonomwaun. The typhoon had sealed their fate when it spared the royal; it was his heroic inbreeding that bequeathed the dubious genetic inheritance.


Over the following three decades, Hussels married, becoming Maumenee, and although her research took her elsewhere, her thoughts remained on Pingelap. Then in 2000, working at the Johns Hopkins University School of Medicine, she was given the chance to lead a search for the royal gene responsible for colour blindness. The geneticists took blood samples from thirty-two islanders – of whom half had the disorder – and compared their DNA. A previous study had highlighted the importance of a particular segment of Chromosome 8, so Maumenee’s team set about the arduous task of sifting through its more than a million nucleotides. Eventually, they pinpointed a single mutation that – passed down from King Okonomwaun through the generations – was the cause of the islanders’ achromatopsia. This mutation radically alters a gene that encodes a protein in the membranes of certain cells in the human eye known as cones, thereby ensuring the mass failure of all five million in our retina. Cones are the photoreceptors that grant us colour; the microscopic marvels that open our eyes to rainbows, harlequins and, aptly, the most conspicuous creature on the Great Barrier Reef.
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Our eyes have more in common with Tyson’s than first impressions might suggest. Close inspection reveals striking resemblances at the level of cells and proteins. The cones of our retina are akin to the colour photoreceptors that Marshall found in the mantis shrimp midband. Moreover, we now know that both are saturated with the same class of light-responsive proteins known as opsins. When Charles Darwin wrote On the Origin of Species (1859), he was bemused by the eye. ‘To suppose that the eye, with all its inimitable contrivances . . . could have been formed by natural selection, seems, I freely confess, absurd in the highest possible degree.’ He – and indeed, the scientific world at the time – was unacquainted with opsins. They have since been found, in various guises, in eyes everywhere – from corals to katydids, sea squirts to squirrels, as well as mantis shrimps to mankind – proof of life on earth’s deep and shared history. Indeed, current molecular science dates the ‘mother opsin’ to over 700 million years ago, not long after the common ancestor of all animals took its final breath. Opsins are the most studied of all sensory receptors. Cones may be the smoking guns of colour, but opsins are the trigger.


Sight starts when photons of light – packages of energy so small they are point-like – enter the pupil of our eye, continue through the vitreous to the back of the eyeball and reach the photoreceptors of the retina. Here they hit an opsin. This sets in motion a cascade of chemical reactions that ends in an electrical spark. Light becomes a signal that shoots down nerves to the brain and the external world becomes something we can perceive internally. Scientists still have little idea how nerve cells give rise to inner experience: how the tangible becomes intangible. Yet, this astonishing transformation plays out with mundane, microsecond repetition. The various opsin structures fine-tune the eyes to different properties of light. Human cones are primed with one of three kinds; opsins sensitive to long-wavelength reds, medium-wavelength greens and short-wavelength blues make, in turn, the red, green and blue cones. As this trio reacts – in differing intensities and combinations – our brain compares their outputs to create the perception of colour. Coloured light does not mix like paints on a palette; combining all the colours of a rainbow does not create a sludgy mess, but pure white. If red and green cones are activated, we perceive yellows and oranges, whereas differing combinations of green with blue cones can make teals and turquoises, and blue with red cones might make violets and indigos. When we succumb to Maumenee’s mutation, our red cones cannot register light bouncing off the apple, our green cones cannot register light off its leafy branch, our blue cones cannot register light off the summer sky, and crucially there is no interaction between the three to conjure our world of colour.


The calculus of colour perception across the animal kingdom is relatively straightforward; species see different rainbows depending on how many different colour receptors they have. Monochromats with just one type of cone – owl monkeys, seals and whales – are colour blind, so see the world in one hundred shades of grey. Dichromats with two – a list that contains nearly all mammals, from anteaters to zebras – see a reduced rainbow. The dog, for example, has blue cones like ours as well as another cued to wavelengths between red and green light, which is why it cannot distinguish a red ball from grass. Despite this, the vision scientist Jay Neitz calculates that because the second cone type offers each dilution of grey around one hundred new possibilities on the yellow to blue scale, dogs can see around 10,000 different hues. The addition of a third type of cone translates to a theoretical third dimension of colour mixing to create colour ‘space’. We can see many subtle shades beyond the rainbow – walnuts, caramels, umbers, silvers, bronzes – but the thousands of words we have barely start to describe all we perceive. Individual variation combined with the subjectivity of experience makes a definitive count elusive. Neitz again calculates – as each of the 10,000 shades mixes with the one hundred discriminable steps from red to green – our species can see at least a million different colours. Most vision experts agree that an average and unremarkable human eye more probably sees as many as several million. Either estimate is a giant leap along the colour continuum from the achromatic experience of Knut Nordby. As rare mammalian trichromats – kept company only by the great apes, baboons and macaques – our sight is far from ordinary, but it pales when compared to that of Tyson.
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Justin Marshall was stunned by his discovery of the mantis shrimp’s twelve colour photoreceptors – four times our count – because he understood the theory of how they could combine. He saw how this pocket crustacean could detonate our understanding of colour space. When experts are asked to describe what a mantis shrimp might see, their answers often invoke superlatives; its world has been called ‘the richest, most harmonious chorus of colours imaginable’ and ‘a thermonuclear bomb of light and beauty’. As Marshall put it, ‘We all start waving our arms around and resort to words like psychedelic or mind-bending if we think of these shrimps as potential dodecachromats.’ According to the way in which cones or colour photoreceptors multiply, the shrimp’s twelve could conceivably create a palette of one hundred hues to the power of twelve – one million million million million, or a septillion – a number with such an embarrassment of zeros it is ungraspable. ‘If our mind boggles at the potential for dodecachromatic colour space, how on earth can a shrimp brain decode it?’ Marshall asked. Such excess might be beyond our imagination. Yet, a paper in an obscure scientific journal from 1948 hints at the existence of humans who might see something of the shrimp’s world view.


In the 1940s, the Dutch physicist Hessel de Vries was studying red-green colour blindness. This condition is linked to the X chromosome (one of the two sex-determining chromosomes), so it is more likely to express itself in men than in women, rendering them as colour compromised as their four-legged ‘best friend’. It is often called Daltonism in memory of the first person, both scientist and sufferer, to write about it in 1794. Allegedly, John Dalton realized he saw the world differently only when he unknowingly broke the all-black dress code of his Quaker meeting house in the English Lake District, arriving one morning in scarlet hose. Daltonism can result either from an absence of red or green cones, making a dichromat, or when all cones are present, but tuned somewhat differently. This latter kind was first discovered in the late nineteenth century by the Nobel Prize-winning English physicist Lord Rayleigh (John William Strutt, third Baron Rayleigh). He observed that when colour-blind individuals were asked to mix red and green lights to match a standard tone of yellow, some added more red than most, while others added more green. Rayleigh theorized that, despite their Daltonism, they had three cones, but the ‘red’ cones of the first group must be somehow less sensitive to red; the ‘green’ cones of the second group were similarly less sensitive to green. Such anomalous trichromats would later fascinate de Vries, who would submit them to further colour tests. On one occasion, a male subject brought his two daughters along to the experiment, whom de Vries also tested. Although they exhibited none of their father’s colour blindness, the way they created colour mixes also differed from the norm. Pondering this, he wondered whether these daughters might not see less, but more than most. Perhaps, in addition to the normal sweep of red, green and blue cones, they had also inherited a fourth cone, their father’s anomalous one. Conceivably, such human tetrachromats could be capable of superhuman vision; a fourth cone could fracture our familiar colour-scape into myriad, more subtle shades. When de Vries came to publish his latest experimental results in the August 1948 edition of Physica, his theory of the human tetrachromat was confined to a single sentence, buried on the last page. He never revisited the possibility, nor did anyone else until almost half a century later.


Around the time that Justin Marshall was deciding on the focus of his PhD, further inland, at the University of Cambridge, another graduate was doing the same. Gabriele Jordan had grown intrigued by de Vries’s long-forgotten paper. ‘It was not an easy read. De Vries had clearly been a very intelligent man – in fact he was nearly given a Nobel Prize. I would love to have met him,’ Jordan told me. She was struck by his throwaway line and its promise of the possibility of exceptional eyesight in humans. ‘I realized that the field had come on a long way since his observation and we knew a lot more.’ The scientific landscape – vision research included – had been transformed by molecular genetics. While sequencing the DNA of the human retina’s three cone opsins, a team from Stanford University had found that the red and green genes are not only next to one another on the X chromosome, but also share 98 per cent of their DNA. This discovery exposed precisely how Daltonism can occur in trichromat males. ‘Highly similar genes are known to recombine in new ways,’ Jordan explained. ‘In the case of the red and green opsin genes, they mix to create hybrids, whose photopigments will have spectral sensitivities somewhere between normal red and green cones.’ Alongside a blue cone, males less sensitive to red would have a green cone and a hybrid more tuned to green; whereas those less sensitive to green would have a red cone and a hybrid more tuned to red. Crucially, the genetics also confirmed de Vries’s notion of a human tetrachromat, and revealed how frequently fourth cones arise in the population. ‘We now know that 6 per cent of Caucasian males carry these hybrid genes and are, by definition, anomalous trichromats,’ said Jordan. Just as de Vries had seen, each could father a tetrachromat daughter; similarly each could have a tetrachromat mother. ‘So 12 per cent of women should carry these hybrid genes and have retinas with four classes of cone. A high enough percentage to get me thinking.’ Jordan picked up the baton from de Vries and embarked on a quest for the world’s first known tetrachromat. These twelve women in one hundred would be unaware they possess a fourth cone cell, or see the world differently. Jordan realized the best way to track them down would be via their colour-blind sons. ‘A month, maybe two, was what I thought it might take me at the beginning.’ The odds appeared stacked in her favour, but she could not have known the challenges that lay ahead.


Finding the test subjects proved to be the easy part. Thirty-one women, with anomalous trichromat sons, volunteered. ‘These women, I knew, ought to have four types of cone on their retina,’ said Jordan. Next, she faced the far from trivial task of devising a visual test for something that was beyond her own perception. ‘Our whole world is tuned to the trichromat,’ she said. Not only are clothing dyes, paints and printer inks manufactured by trichromats for trichromats, but also all colour monitors – from televisions to computers – work on the same colour principle as the trichromatic eye, creating colours from the building blocks of red, blue and green. ‘There were no off-the-shelf instruments I could use, so I had to engineer an entirely different colorimeter from scratch, one that could create and control for subtleties of colour that I could not see.’ The design took months of careful experimentation in a darkroom, splitting beams of white light, filtering it through various combinations of lenses to distil fine, spectrally pure bands. ‘I knew that the spectral sensitivity of this fourth opsin would be between red and green, so I decided on a version of the Rayleigh match test.’ Much as Lord Rayleigh had done a century before, she started to test the subjects, but with a twist. Rather than asking them to mix red and green lights to match a pure yellow light, she incorporated a fourth light to investigate this extra dimension of colour; she asked them to mix red and yellow lights to match an orange and green mixture. Quietly, she hoped they would be hard-pressed to make many matches. ‘A normal trichromat would be able to make a whole range of matches, but a true tetrachromat would discriminate between all these mixtures except a single one.’


Some of the women were not happy with their mixes, complaining, ‘I want to add more orange to the mixture, not red,’ or, ‘It’s the wrong kind of orange. It looks rather pink when I add more red.’ Nonetheless, subject after subject, in test after test, made a whole range of matches. Only one woman exhibited vision that was other than ordinary, but even she fell short. Jordan’s dreams of finding a functioning tetrachromat were fading. ‘The whole experiment had taken a year and still the evidence was inconclusive. It seemed that a fourth cone cell did not guarantee superior colour vision at all,’ recalled Jordan. ‘Colour vision does not just depend on the number and type of cone opsins. To perceive colours and be able to discriminate between them, the inputs need to be compared.’ She proposed that the women tested so far were ‘weak’ tetrachromats. ‘Only when the cortex gains access to the fourth signal will an individual perceive colours along a dimension denied to colour normal people.’ So Jordan’s focus shifted to finding the world’s first ‘strong’ tetrachromat.


In 1999, Jordan moved to the Institute of Neuroscience at Newcastle University. ‘When I arrived, the lab was still being built. I needed to find grant money to buy the equipment. I bought so much I was given an optical table for free, but it was so heavy that it had to be winched into place, so I suppose we were lucky that the building didn’t yet have a roof.’ Then the lab flooded, ruining key scientific equipment. ‘That’s when I wondered whether God was trying to tell me to give up and find a new challenge.’ She persevered and set up the Tetrachromacy Project, to source new subjects. Over the interim decade, she had fine-tuned the experimental set-up and was now running a somewhat different test: ‘a discrimination version of Rayleigh’s original matching task’. Now, when subjects were led into the darkroom, they were shown three different lights in quick succession and not asked to make matches, but to identify the odd one out. Two of the lights were monochromatic yellow of differing brightness; the third was a varying red-green mixture which would only appear discernibly different to someone with strong tetrachromacy.


The first volunteer – a PhD student – seemed to pass the challenge with flying colours, but any excitement was short-lived. ‘She was so clever. She had heard the shutters releasing the beams of light and worked out that one click was for yellow; two clicks for the red-green mixture. It’s amazing the cues people are alert to when asked to perform a sensory test.’ So, Jordan asked her next subjects to don headphones as she streamed white noise to mask any other ‘unforeheard’ clues. ‘We had been testing a group of about fifty women: thirty-one were mothers of anomalous trichromats, carriers of a fourth cone, but frustratingly one after the other failed the tetrachromat challenge.’ The women were performing no better than normal, oblivious to the many subtle spectral differences that flicked before them. Then, on the morning of 20 April 2007, a subject code-named cDa29 took the same tests, but with very different results. ‘At first, I couldn’t believe it,’ Jordan told me. ‘Every test we put in front of her, she got right – no errors – and her responses were instant, without hesitation. She was making colour discriminations with ease. We ran the trial again, then again, even a fourth time: still, zero mistakes. She was very unlike every subject I had seen before. It was compelling. After she had left, I was so excited that I jumped up and down!’ Jordan was advised to test her again – ‘you can’t be too careful’ – and a month later watched yet another perfect performance unfold. ‘I like to think the discovery would have made Hessel de Vries smile,’ she told me. An exercise that Jordan had initially thought would take months had taken some fifteen years. At last, she had identified the world’s first ‘strong’ tetrachromat, a doctor from the north of England who, until that day, had never realized her outlook on the world was anything special. ‘She had no idea, but there is no doubt that she is the real deal,’ said Jordan. ‘She occupies a perceptual dimension that is denied the rest of us.’ Perhaps the usual trichromatic world appears as bereft of colour to her as John Dalton’s would to most. ‘This private perception is what everybody is curious about. I would love to see through cDa29’s eyes.’


On the other side of the world, on the east coast of Australia, another woman has been identified with tetrachromacy. She has devoted much of her life to trying to share her vision. As a child, Concetta Antico was drawn to colour and even decided on a career as an artist at the age of five. Yet she never suspected that the world she saw was different to everyone else’s. ‘Growing up, you don’t question what you see,’ Antico admitted. ‘It’s only now, looking back, that I realize I was always different.’ Many years and a move to Los Angeles later, she learned about the condition of tetrachromacy from someone buying her paintings. ‘I was instantly fascinated. Who wouldn’t be?’ she asked. ‘The more I read about it, the more fascinated I became.’ Not long after, early in 2013, she walked into the Color Cognition Laboratory at the University of California, Irvine, having tested positive for a fourth cone cell. The cognitive scientist Kimberley Jameson knew instantly that Antico was unusual. She realized that, ‘in addition to the genetic potential for tetrachromacy, Concetta has a considerable history of art training. She evaluates the uses of colour and light, making hundreds of colour space decisions every day.’ Jameson was particularly impressed by Antico’s artworks of dimly lit scenes: ‘If you look at her pictures of dawn and dusk, she uses many colours.’ These monochromatic landscapes are portrayed in pastels; tree silhouettes are rendered in magentas and mauves, their shadows in madders and russets. Antico insists these spectral shades are not imagined. ‘The colours I paint into twilights are not artistic expression. Where you see greys, I see a rich and beautiful mosaic of lilacs, lavenders, violets, emeralds.’ She talks as if colours splinter beneath her gaze. ‘Take what you call white. You might see lead whites, ivories, chalks, silvers, warm whites, cold whites, but I see so many more subtle shades, most without a name.’ Jameson submitted Antico to a battery of visual tests and found her subject perceives far finer gradations of colour than most. The scientist argues the artist not only has a fourth cone, but also exemplifies the power of practice. According to Jameson, ‘Concetta is the perfect storm for tetrachromacy’: the embodiment of a spectacular synergy between nature and nurture.


Just before learning of her exceptional gift, Antico received news of a different kind. Her eight-year-old daughter was diagnosed with a form of colour blindness less common than Daltonism. Tetrachromat mother and rare dichromat child are both unusual, with views of the world that are diametrically different. Antico has resumed painting with renewed fervour. She has returned to Australia and established a gallery in Byron Bay. ‘I’m working furiously right now. This lockdown from Covid has been a blessing in disguise.’ She uses paint in the hope of communicating her vision. ‘I wish that my daughter might see a small part of what is available to me. In fact, I wish everyone could realize how beautiful the world actually is, then perhaps they might value it more.’ Antico’s attempts are in vain; she has set herself an unattainable goal. Her paintings represent a world beyond our reach and remind us that we cannot see through another’s eyes. This unbending reality also bars us from the perceptual worlds of achromatopes, from Jonathan I.’s agonies of rat-coloured flesh, or Knut Nordby’s hopes to know more intimately the quality of things. Gabriele Jordan first grappled with it when designing a test for colours beyond her ken; then when faced with her long-awaited quarry, knowing she was excluded from cDa29’s vision of the world.


[image: image]


The eye of the peacock mantis shrimp remains unrivalled; we know of no other with such optical panache. If the achromatopes of Pingelap, with their cone-killing gene, are living proof that colour comes from within, then Tyson shows how our sense of colour is consistently underestimated. Recently, however, Justin Marshall’s Queensland laboratory uncovered a twist in the tale of the shrimp. Rather than focus on the workings of its eye, researchers tried to explore its private perceptual world, what a shrimp might actually see. Taking advantage of their proclivities for fighting and fine dining, Hanne Thoen trained the crustacea to approach, nibble and sometimes strike a fibre-optic cable coloured, say red, in exchange for mouthfuls of juicy crabmeat. Next, she presented her subjects with a choice between a red and an orange fibre optic, rewarding the shrimp only if it stuck to red. Then, she adjusted the orange cable – minute tone by minute tone, through tawny, brick red, crimson – until its wavelength approached the red one. ‘Thoen had to dissect the whole spectrum and train shrimps to attack its component colours for over two years. The experiments drove her nuts,’ Marshall told me, but the results were revolutionary. ‘I could not believe the data at first, except her method was rock solid. There is no doubt the shrimps performed appallingly, unable to discriminate between colours we can see easily.’ Whereas we identify shades barely a nanometre apart, they lose the ability with colours less than twenty-five nanometres apart.


Dreams of ‘thermonuclear bombs of light and beauty’ fizzle. Marshall now believes the mantis shrimp displays some of the worst colour vision in the animal kingdom. ‘Whereas our colour comes from the comparison of neural signals from three cones,’ he explained, ‘the shrimp must use the signals from its twelve photoreceptors to perceive colour in a fundamentally different way. Over 400 million years of independent evolution and, yet again, they have arrived at a solution different from every known animal.’ The team remains ignorant as to how information from the shrimp’s sensors combines in its brain to create the perception of colour. Perhaps the shrimp does not compare and discriminate between hues, but more simply recognizes them. Perhaps this takes place more quickly. Perhaps, alongside legendary lightning punches, the shrimp also boasts the fastest sight on the planet.


These are questions for another day, for another painstaking and patient experimenter. Meanwhile, it would seem that despite having a mere quarter of the shrimp’s colour receptors, our brains compensate for our eyes’ shortcomings, allowing us to perceive more colour in the world than its recently deposed king. Take a moment. Look up from this page and open your eyes to your surroundings. Let the peacock mantis shrimp reveal that the way we see the world is, quite simply, superlative.
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II


THE SPOOKFISH AND OUR DARK VISION





On a calm and cloudless day in July 2007, the German research ship FS Sonne left Apia Harbour in Samoa, bound for the archipelago of Tonga and the deepest seas in the southern hemisphere. On board were scientists from around the world, including two British biologists, Ron Douglas and Julian Partridge. ‘It was a rare chance to take part in a voyage of discovery to bring back a clearer picture of life in the deep than had been seen before,’ recalled Douglas. ‘Everybody knows that 70 per cent of the planet is covered in ocean, but we forget its depth. Its third dimension means it makes up 99.9 per cent of the habitable planet.’ Beneath this stretch of Pacific Ocean lies topography more spectacular than anything above sea level. Tectonic plates converge, creating mountain ranges and ravines more colossal than those on land. The Tonga Trench has been mapped to just over 10,800 metres (35,400 feet) deep, second only to the Challenger Deep in the Mariana Trench. ‘You could quite easily put Mount Everest in one of these trenches and you wouldn’t see it,’ Douglas told me, ‘but more people have gone to the moon than have reached 10,000 metres beneath the sea.’ For him and Partridge, the deep ocean – cold, black and seemingly boundless – is the final frontier. ‘It is the least understood environment on earth,’ Partridge added, ‘and so completely out of our experience that it is difficult to imagine.’ It lures scientists with its promise of alien life forms and new ways of seeing. Some seventy years before the Sonne would set sail, two pioneers defied death and plunged into this aqua incognita, to experience it first hand, in a contraption that had originally been conceived as a sketch on a scrap of paper by President Theodore Roosevelt.


The Bathysphere was the most rudimentary of submersibles: a cast-iron sphere only 1.5 metres (5 feet) across, weighing some 2,000 kilograms (4,400 pounds). On 15 August 1934, off Nonsuch Island in Bermuda, it would bear William Beebe and Otis Barton six times deeper than man had ventured before. On board an open-decked barge called the Ready, the men had squeezed headfirst through a small opening in the metal casket and, cramped knee to knee, been sealed in from the outside by a door hammered into place with ten large bolts. The Bathysphere was tethered to the mother ship by a steel cable, providing electricity and a phone line to the surface, as well as saving it from sinking without trace. This lifeline spooled out as the winch lowered the explorers over the side, under the waves and downwards. Each man sat tight and gazed through one of the two portholes into the fathomless void. Thick fused quartz panes, made from melted sand, combined strength with transparency to all light’s visible wavelengths. ‘I sat crouched with mouth and nose wrapped in a handkerchief to prevent condensation, and my forehead pressed close to the cold glass – that transparent bit of mother earth which so sturdily held back nine tons of water from my face,’ wrote Beebe in Half Mile Down. ‘I felt as if some astonishing discovery lay just beyond the power of my eyes.’ Yet, a novel experience was already playing out before their eyes. Beebe and Barton were the first to witness the physics of what happens to sunlight as it journeys down and to understand that the deep is not the realm of perpetual darkness often imagined.


As the Bathysphere sank, the voyagers were struck by how the quality of light changed. They saw visible light’s rainbow spectrum gradually being whittled away, hue by hue. ‘The first plunge erases, to the eye, all the comforting, warm rays of the spectrum,’ recalled Beebe. The colour red faded within the first 15 metres (50 feet), then vanished. ‘I happened to glance at a large deep-sea prawn,’ and, ‘to my astonishment, it was no longer scarlet but a deep velvety black.’ The ocean absorbs coloured lights at different depths, according to their wavelength. Red, the longest wavelength, goes first, followed by the somewhat shorter orange. At 50 metres (160 feet), Beebe saw yellow, its shorter-still neighbour, disappear. ‘Yellow is swallowed up in the green. We cherish all these on the surface of the earth and when they are winnowed out . . . [the remaining spectrum] belongs to chill and night and death.’ The greens bled imperceptibly into the blues until, at around 200 metres (650 feet), ‘The last hint of blue tapers into nameless grey [as] the sun is defeated and colour has gone forever.’ The men had dropped beneath the zone of colour and daylight into one of greys. Above the waves, twilight ends the day, but in this watery part of the world, it is the day. Photons, nature’s fundamental particles of light, followed the Bathysphere down, but fewer and fewer; the light intensity declined by about one and a half orders of magnitude for every 100 metres (330 feet). Twilight turned to night.


The explorers were now making use of a different sense from the one that had enabled them to see at the bright, sun-flecked surface. Scientists call it scotopic, as opposed to photopic, vision. Derived from the Greek words skótos (dark) and opia (vision), scotopia gives night sight rather than daytime colour sight. We use this, our eyes’ second sense, to see under starlit skies. It enabled the divers to peer through the gloaming as they dropped into an endless night. At 600 metres (nearly 2,000 feet), Beebe noted how this, too, failed and blackness closed in on them, ‘The sun, source of all light and heat, had been left behind.’ Eventually, their descent slowed, then stopped. The Bathysphere had reached 923 metres, over half a mile under the sea. Beebe later wrote,




There came to me at that instant a tremendous wave of emotion, a real appreciation of what was momentarily almost superhuman, cosmic, of the whole situation; our barge slowly rolling high overhead in the blazing sunlight, like the merest chip in the midst of ocean, the long cobweb of cable leading down through the spectrum to our lonely sphere, where, sealed tight, two conscious human beings sat and peered into the abyssal darkness as we dangled in mid-water, isolated as a lost planet in outermost space.





The divers were like earthbound astronauts and, quoting British biologist Herbert Spencer, Beebe claimed he ‘felt like “an infinitesimal atom floating in illimitable space” ’. The oceanic abyss is darker than a night without either moon or stars. It is perhaps the most lightless place on our planet. Yet it teems with unblinking, non-human eyes.
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Volumetric analysis on the brains of deep-sea fish reveals that, for the vast majority, sight is the most important sense. Many fish generate their own light in a biological firework display called bioluminescence. The lanternfish creates beams that sweep the sea like headlamps. The dragonfish produces wavelengths that only it can see, leaving its victims blissfully unaware of their impending fate. In contrast, the anglerfish hopes its prey will notice and be lured towards its rod-like bioluminescent barbel; its fierce jaws stay hidden in the shadows. Bioluminescence is also used to foil predators. A species from the spookfish family, called Opisthoproctus soleatus, relies on a bellyful of symbiotic, luminous bacteria to save it from becoming a meal. It uses the same concept developed by the US Navy during the Second World War to camouflage bomber aircraft. Just as Project Yehudi designed planes with underwing spotlights, the fish’s glowing belly camouflages its silhouette against sunlight to hide it from watching eyes below. In this fish-eat-fish world, survival is a game of hide and seek that prioritizes the sense of sight. Photons from bioluminescence may be sparse, but a few others from the sun penetrate the deep, reaching as far down as a thousand metres (330 feet). These glimmerings may have proved too faint for Barton and Beebe, but not for those on the other side of the Bathysphere’s protective shell.


Over the past century, scientists have plumbed the ocean and hauled up more and more extraordinary eyes. The largest known belongs to the giant squid Architeuthis dux; it is the size of a dinner plate. Those of the cockeyed squid are, as its name suggests, of unequal size, with the larger one pointing upwards to capture what is left of the sunlight. Put simply, big eyes gather more light than small ones. The ocean’s finned inhabitants have similarly peculiar optics. ‘We are learning that deep-sea fish have the best dark vision of all vertebrates, on the land or in the sea,’ said Julian Partridge. ‘The oceans may be among the most photon-restricted environments on the planet, but these fish have evolved various techniques to make best use of the photons that are there.’


Douglas and Partridge have come eye to eye with more deep-sea fish than most. They understand how these creatures push vision to its limit. ‘When you’ve only got so much space in your head for an eye, but you need a big pupil, the compromise is to trim off the sides of your eye making a tubular shape, giving a very narrow field of view but a very bright image,’ Partridge explained. This tubular design is typical of deep-sea fish such as spookfish, including the glowing-gut Opisthoproctus. ‘Their eyes look like telescopes stuck on the side of their head, pointing upwards towards the surface and towards the light.’ Deep-sea fish also possess a layer of crystals beneath their retina; this tapetum reflects any photons that failed to initially hit the retina back into the eye. According to Douglas, half the light that reaches the retina is not absorbed and passes straight through. ‘Humans have a layer of melanin backing our retina to absorb such photons – we don’t want light bouncing around, ruining the image quality – but deep-sea fish have to grab every photon they can get so this shiny tapetum gives them another chance at the retina.’ Footage taken at the start of the new millennium, in the ocean’s twilight zone, revealed another spookfish – Macropinna microstoma – with yet another light-capture technique. The few preserved specimens that already existed displayed the typical upward-pointing, tube-shaped eyes, but the film showed that these were embedded within a bulbous and transparent head, which must have ruptured when previously fetched up from the depths. Large pupils, telescopic eyes, tapeta and translucent heads are just some of the traits that facilitate dark vision. Douglas and Partridge hoped their Sonne expedition might bring even more to the surface.
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