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Introduction: The Trouble with First Impressions


The artist H.R. Giger imitated life without knowing he had done so.


It started with Necronom IV, a ghoulish print depicting a life form that was part human, part machine, part other-worldly phantasm. The monster has humanoid arms and chest – albeit with ribs so cleanly exposed that one cannot be sure if any skin is stretched between them – and a tight, small-mouthed face. The eyes are large, black, and unpupilled, and above them the cranium sweeps far back over the head, hideously curved. Spinal extensions, some tubular, some jagged, emerge from the monster’s back, whilst the abdomen – eschewing further limbs – narrows to a phallically round-ended tail.


It is grotesque.


And that is exactly what Ridley Scott liked about it. Giger was commissioned to produce the creature for Scott’s sci-fi horror film Alien, and he based it on Necronom IV. There were a few alterations: the serpentine body gained legs, the eyes were dispensed with – leaving only a blank, shiny, and inscrutable forehead – and the jaws now opened to reveal a second, smaller set within. It was Scott who suggested that these inner jaws move, that they sit at the end of a ramrod tongue that would be fired from the mouth into the head of the creature’s victims, like the bolts used to kill cows in an abattoir. Alien came out in 1979; Giger and the special effects designer Carlo Rambaldi would win the 1980 Academy Award for Visual Effects. It was not until thirty-seven years later that Giger learnt that nature had got there first.


More specifically, moray eels had. These are a family of predatory fish whose members spend most of their time hiding in the rubble of dead coral reefs. From these dens they make hunting forays for other fish, as well as for cephalopods1 and crustaceans, but although moray eels are widespread and fairly common, one particular aspect of their feeding habits was always very odd: they seemed to be able to suck food down their throats, without there being any physical mechanism to do so. The mystery remained until Rita Mehta at the University of California, Davis, analysed high-speed footage of eels grabbing chunks of food. Something remarkable was happening: when the morays had clamped their jaws down on their prey, a second, internal pair of jaws could be seen, one that was catapulted out from the throat. Those second jaws were clutching the prey and pulling it backwards. As Mehta’s colleague Peter Wainwright said in an interview in The New York Times, ‘When we got the movies, we sat and stared in disbelief.’


The news spread. For a while there was an excellent science meme doing the rounds on the internet, sung to the tune of ‘That’s Amoré’, that went:


When the jaws open wide


And there’s more jaws inside,


That’s a moray!
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Moray eel skull and pharyngeal jaw apparatus. (Redrawn from Mehta and Wainwright, 2007)


Awkward grammar notwithstanding (it doesn’t scan if you do it correctly), this little ditty captures the idea very nicely – but with one notable caveat: when the jaws open wide and there’s [sic] more jaws inside, it probably isn’t a moray. Why? Because there are thousands of other fish species that also have them. In fact, most bony fish2 have a version of this second set of jaws – the so-called ‘pharyngeal jaw apparatus’ (or PJA to those in the know). However, in the vast majority of species that have it, the PJA cannot move backwards or forwards, and instead remains in place just behind the gills, well out of sight of high-speed cameras. Morays have taken something commonplace and workman-like, and made it spectacular.


Or have they?


Dr Mehta and her colleagues were surprised that moray eels could suck prey into their mouths, but they knew full well that this was actually a fairly standard trick for fish in general. The surprising thing was that morays could do it, given that they lack what those others have, which is a convoluted set of muscles and tissue in the mouth and cheeks. When a fish such as a trout drops its lower jaw, the mouth also expands sideways, stretching out deep folds of skin. This vastly increases the volume of the mouth cavity, and, if it’s done quickly, the sudden expansion generates a pocket of low pressure, which in turn causes prey items to be pushed in by the relatively high pressure outside. The mouth can now close, trapping the prey inside. Seen at real speed, the prey seems almost to spontaneously vanish, so effective is the technique.


Put simply, a trout has no need for a catapulting jaw. It still has a PJA, however – just not one that fires forwards from the back of the throat. A complex musculature allows independent movement of the upper and lower PJA in several planes (at least in some species), and there is invariably a covering of teeth. In ichthyophagous3 fish, the PJA teeth are fine and sharp, and strip the flesh from their prey; the cichlid4 Trematocranus placodon, by contrast, has blunted, peg-like teeth in the PJA that crush and grind snails, and the algae-eating blue mbuna (another cichlid) has smooth, flattened PJA teeth that merely compress its food prior to swallowing.
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When a trout feeds, the mouth cavity rapidly increases in volume, causing prey items to be pushed in by relatively high pressure outside. The pharyngeal jaws have more limited movement than in moray eels, since they are not required for prey capture.


Fish such as trout, then, can do everything that a moray eel can, whilst also having the luxury of pre-digestive food processing. You could even make a good case for the proposal that their expanding-mouth trap is better than the eel’s forward-grabbing PJA, since the former doesn’t require any prior contact to have been made, and hence works faster. In this broader picture, it becomes clear that the moray eels’ PJA is actually a compensation for their lack of complex facial structure, and it’s a solution that they’ve had to pay for by sacrificing the ability to chew their food. Despite first appearances then, it’s those other fish that have the advanced mechanics, not the eels. The catapulting jaw, far from being a piece of alien-like evolutionary magic, turns out to be a work-around, and not even a particularly good one.
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Moray eels are not alone.


Very broadly speaking, evolution is the change in biological organisms over time, and it proceeds via natural selection, the process by which useful genetic mutations5 in each generation are favoured in the competition for survival and reproduction. In this way, birds, bats, and dragonflies have taken flight, snakes have abjured limbs, electric eels have developed stun-guns, spiders have engineered webs, beavers have engineered wetlands, and ants have become farmers of fungi and aphids. Life’s variety, ingenuity, and spectacle cannot be understated, and natural selection underpins it all.


But whilst there seems no end to evolution’s artistry, it is all too easy to be blinded by the pyrotechnics on display, and to overlook that which is less obviously impressive – and less obviously useful. Indeed, whilst the species-sculpting powers of natural selection are as prodigious as they are fascinating, they are not boundless, and if we really want to understand the full implications of evolution, we need to investigate what natural selection cannot do. Readers familiar with evolution will probably already understand that there is no purpose inherent in the process, nor any over-arching direction; they may also be aware of some of the glaring ‘design’ flaws in animal bodies – such as the 5m-too-long nerve in the necks of giraffes6 – that result from ancestral inheritance coupled with a lack of forethought. But the eccentricities of evolution run much, much deeper.


It turns out that the gradual, relentless accumulation of favourable traits – plucked out and retained by natural selection – doesn’t necessarily translate into any sort of benefit for individuals or species. ‘Improvement’, under any reasonable definition, is an elusive prize; much more likely is that things stay exactly the same. Like the moray eel’s sling-shot jaw, most evolutionary change is no more than an exercise in keeping up with the Joneses – and depending on who the Joneses are, even keeping up might not actually be possible. Interactions among and between species frequently develop into evolutionary ‘arms races’, but inequalities in the relative costs and benefits mean that these contests can be permanently rigged in favour of one or other of the antagonists.


This kind of competitive dynamic helps to explain why some animals have problems that natural selection seemingly cannot fix. Later in this book we will learn, for example, how the host species of European cuckoos will probably never evolve a way of correctly recognising the overgrown monsters in their nests, and why gazelles may always have the evolutionary upper hand over cheetahs. But arms races are only one of several mechanisms by which evolution produces counter-intuitive outcomes. When an elephant wears out its sixth set of teeth, a seventh set very rarely appears, and the animal is condemned to a slow death by starvation. This phenomenon invites us to investigate the curious evolution of ageing and senescence – and the group of species that seem to have escaped it. It also leads us to consider the relationship between individual animals and their genes; some of the most heart-warming – but also the most uncomfortable – events in the natural world can be ascribed to an unconscious conflict between these two parties, whose respective interests are not perfectly aligned. Although natural selection acts most directly on the individual, if the same gene occurs as copies elsewhere (as it almost always will), this collective interest can overcome that of the individual. One possible upshot is altruism; another is spite.


There are even evolutionary tussles that end with a negative-sum outcome, where no one emerges as the winner. The fabulous tail of the peacock may strike you as one of evolution’s triumphs – as it surely is on purely aesthetic grounds – but it’s unlikely that any peacock with the gift of self-reflection would share your enthusiasm. That magnificent ornament is the product of competition between males for access to females, so it is clearly of paramount importance, and yet if all males were to get together and decide to cut a fixed amount from their tails, their relative mating successes would be unchanged, and all of them would live easier and more risk-free lives. Of course, peacocks are not capable of such acts of cooperation, but neither is natural selection. Evolution will never rid them of this problem.


Each of these phenomena points to idiosyncrasies in evolution, and each has an explanation, therefore, that sheds light on the workings of the process itself. Herein lies the purpose of this book – to investigate evolution by reference to its more unexpected outcomes. This is the story of evolutionary traps, brick walls, blind spots, trade-offs, compromises, and botch-jobs. Along the way we will learn why animals are always slightly out of date, why inefficiency tends to increase over time, why predators usually lose, and why parasites usually win.


It’s evolution, but not the Greatest Hits.


A Note on Shorthand


At some point everyone who writes about evolutionary biology comes up against the problem of teleology – that is, the use of language that implies directed, goal-seeking behaviour where none is present. Try this: ‘Female sage grouse select the most impressive males in order to produce the highest-quality offspring’ or ‘the common cold virus has evolved the ability to make its hosts sneeze so that it will be passed to other hosts’. Both sentences imply intention: the female grouse wants the best offspring and knows how to get them, and the virus wants to be passed between hosts. In reality, of course, that intention is entirely lacking. The grouse does not know why she spends time carefully choosing a mate; the virus doesn’t know anything at all.


Teleological language originally came to be used in biology because, before Darwin, it was thought to be literally correct; there was intention – animals behaved as God saw fit, so intention was there, front and centre. Later generations of biologists, well aware that the mechanism of natural selection rendered such language inappropriate, have continued to use it for the simple reason that it is convenient. The eminently quotable British scientist J.B.S. Haldane once quipped, ‘Teleology is like a mistress to a biologist: he cannot live without her but he’s unwilling to be seen with her in public.’


Accordingly, you will find examples in this book, such as in the following description of whales from Chapter Nine: ‘they have powerful tail flukes for propulsion …’ Are the tail flukes for propulsion? No – they were not deliberately designed for that or any other purpose; the most we can say without straying into the figurative is that powerful flukes allow their owners to achieve that feat. Nor can we even say that the necessity preceded the innovation; ancestral whales without powerful tail flukes survived admirably, as the existence of their descendants attests. The tail did not evolve in response to the requirement. The tail evolved because each step along the way of its gradual creation was more effective at promoting reproductive success than what went before. The difference is subtle but important.


However, as long as the reader is aware that a shorthand – rather than a literal description of events – is being used, a little sprinkling of teleology often makes writing (and reading) about evolutionary processes rather less clunky. Consider the non-teleological alternative to the whale-fluke line:




In whales, the tail ends in a broad fluke connected to powerful muscles because a random genetic mutation in ancestral whales caused the previously narrow tail to flare a little, and this happened to facilitate the movement of the animal through the water. Individuals with this mutation were consequently able to expend less energy on locomotion than their competitors, so the flare-tail trait eventually spread through the population over the course of many generations, also becoming more pronounced over time as mutations for further flaring accumulated in the same manner. The tail-widening progression was accompanied by a complementary trend for stronger muscles for dorso-ventral flexing, which themselves appeared due to chance mutations in muscle pattern and growth that happened to provide locomotive benefit, thus conferring reproductive advantages to their bearers.





It’s undoubtedly more accurate than saying ‘they have powerful tail flukes for propulsion’, but it lacks a certain economy.


Throughout this book, I shall aim to avoid teleological language, but only if I can do so without sacrificing readability. Some biologists view it as imperative that we avoid any sort of teleological formulations, so as to remove the implication of divine (or otherwise directed) purpose. This seems overly fussy to me. I hope that it will always be obvious when my language is metaphorical rather than literal; I will certainly try to make it clear. Meanwhile, I politely ask that readers refrain from quoting any of my teleological slip-ups in their Creationist blog-post on how evolutionary biologists can’t make up their minds about their own topic.





1   ‘Head-foot’ in Greek: octopuses, squid, cuttlefish, and nautilus.


2   There are two main groups of jawed fish: the Chondrichthyes (sharks, rays, skates, and relatives) and the Osteichthyes (bony fish, which is everything else). A separate group, the jawless fish, includes lampreys and hagfish. As their name suggests, they don’t even have the first set of jaws, let alone another one hiding inside.


3   Fish-eating.


4   The cichlids are a large and diverse family of fish, beloved of evolutionary biologists as they have displayed remarkably rapid, recent speciation, especially from populations in the Rift Valley of East Africa. The PJA is generally believed to be pivotal in this great burst of diversification.


5   This is the word used to describe changes in the DNA molecule, and they may be caused either by copying errors or by external factors such as cosmic radiation.


6   The ‘recurrent laryngeal nerve’; we have the same awkward re-routing of this nerve, but the diversion isn’t quite so long.
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Winning the Battle,
Losing the War


Leaves in the Wind


Leopard seals are almost comically terrifying. Their bodies – muscular and snake-ish – may reach more than 3m in length, and at the business end is a head of surprisingly reptilian menace. The face seems quite free of anything that might pass for emotion or thought, unless you’re including that frank, predatory appraisal. Indeed, there’s something faintly machine-like about these animals, as if their creator realised that there was little sense in adorning such a straightforwardly destructive tool with any kind of aesthetic flourish; a samurai sword can be a work of art, perhaps, but no one bothers to prettify a machine gun. If Mother Nature were an architect, the leopard seal would be seen as a product of her Brutalist phase.


But Hydrurga leptonyx was not created. On the contrary, it’s a work in progress.


It’s unwise to get too close to the mouth of a living leopard seal – adults can weigh up to 600kg, and they’ve been known to kill humans – but photographs and skulls are safe for inspection. Find one and look at the teeth. The canines are as one might expect for a predator of fish, penguins, and other seals – large, long, handy-looking – but the molars are odd; they are narrow and deeply notched, such that when the jaws are closed they create a mesh of holes. In this way they are reminiscent of the leopard seal’s close relative (and, alas, frequent prey), the crabeater seal. The latter has not been well served by its common name (nor by its specific epithet,7 carcinophaga, Latin for ‘crabeater’), given that it doesn’t eat crabs, but the genus name, Lobodonta, is very apt. It means ‘lobe-toothed’, and crab-eater seals use their lobed teeth to feed on krill (tiny, shrimp-like crustaceans), sucking in mouthfuls of the stuff, and straining the water back out through the gaps. The lobes of a leopard seal’s teeth are less intricate than those of their smaller cousins, but they can – and do – serve the same purpose; thus, these wolf-fanged brutes eat half-inch invertebrates as well as penguins. A researcher who was involved in the first experimental observations of this feeding behaviour noted that it was like discovering that lions ate ants as well as antelopes.


At any given time or place, an individual leopard seal might survive chiefly on either very large or very small prey – or a healthy mixture of both – and its body’s suitability for either will not change over its lifetime. But the species itself would appear to be undertaking a journey. Since those teeth are not as specialised for filter-feeding as those of the crab-eater, but are more specialised than those of other, equally closely related species,8 we can infer perhaps that they are in the process of either evolving away from that function, or evolving towards it. Without extensive fossil evidence, it’s hard to tell which – and they might instead have found a happy medium that works best for current conditions, and are staying put. Either way, one cannot help but read the fingerprints of past change in those teeth.


That change has nothing to do with choice; no ancestral leopard seal woke up one day, noticed that its teeth were too clumsy for eating krill, and decided to do something about it. On the contrary, the seals have been passive travellers, leaves blown about in the wind, going wherever they are pushed. That pushing force comes from the external environment. If penguins and other large-bodied animals were to become harder to find, those individual seals that had slightly more deeply notched teeth would find it easier to keep themselves well fed than the others, since they could feed on krill more efficiently. We could expect their reproductive success to be higher, leading to an increased proportion of individuals with that tooth shape in the next generation.


To introduce a useful bit of terminology, the environment imposes a selection pressure on tooth shape. Sometime later, krill might start to get rarer, after which it would pay a leopard seal to focus on penguins instead. The pendulum would have swung, the direction of the selection pressure changed, and those complex teeth would have become less a boon than a liability, at risk of breaking when the jaws closed hard on vertebrate bone.


It remains to be seen what the long-term trajectory will be for the descendants of today’s leopard seals, but given the tendency for the environment to shift – along axes of climate, competition, predation, feeding opportunities, and countless other states – it is a safe bet that they will be different animals. This is evolution, and it happens to all lineages. They change.


But some change faster than others; predators, for example, tend to fall behind their prey.


Born to Fail


There is something about predators that encourages us to set them apart. In 2010, the BBC screened a documentary series entitled ‘Inside the Perfect Predator’; the Animal Planet channel had earlier run a set of short films called ‘Nature’s Perfect Predators’; and National Geographic television followed suit with ‘Planet Carnivore: Perfect Killers’. There have not been – to my knowledge – any programmes called ‘The Perfect Scavenger’, ‘The Perfect Grazer’, or ‘The Perfect Filter-feeder’. Why? Well, one might suppose that our tendency towards predator-adulation has arisen naturally from fear, via sensible respect – and perhaps in some cases it has – but we do not reserve such hyperbole only for animals that at different times and places have tried to eat us; the BBC series included the peregrine falcon, a bird that rarely exceeds three pounds in weight. In Falcon, her cultural history of this bird family, writer and academic Helen MacDonald argues that falcons ‘excite us, seem superior to other birds and exude a dangerous, edgy, natural sublimity’. Later, when discussing military uses of falcons, she explains how they can be seen as ‘the biological counterparts of warplanes: heavily armed natural exemplars of aerodynamic perfection’, and elsewhere quotes the author W. Kenneth Richmond as he describes the peregrine as a bird of ‘perfect proportions and finely cut features, daring and intelligence, spectacular performance in the air and matchless execution in the chase’.


None of this seems unwarranted. Indeed, the apparent superiority of species like the peregrine is so intuitive that to question it seems redundant, if not perverse. Returning to leopard seals, just take a moment to picture one of these monsters wrapping its mouth around a penguin, and consider quite how one-sided an affair it appears to be. What, after all, does a penguin have in its locker? What is there to counter the seal’s half-tonne body and gin-trap jaws? Often when we reflect upon an animal like the leopard seal, it’s with adjectives such as ‘lethal’ and ‘efficient’ (and depending on personal tastes, we might add such qualifiers as ‘beautifully’, ‘haughtily’, or ‘imperiously’). By contrast, the penguin might be ‘helpless’ or ‘victimised’. Not a winner, certainly. A survivor, at best; cannon-fodder for those regents of the southern ocean. The presumption, in other words, is that the advantage lies with the predator, and that life’s hierarchy of excellence can be found simply by inspecting the food chain.


The facts of the matter, however, suggest otherwise. Predation is a story of winners and losers that is easy to interpret in a way that emphasises the moment at which two individuals directly meet, but which ignores both the lifetime outcomes for all individuals, and the broader interactions at the level of the species. At those wider resolutions, things look different. Think of any apex predator – the leopard seal included – and you are thinking of an animal that fails to catch what it pursues, over and over again. Successful hunts are the exceptions, not the norm. Only the lucky few individuals manage to string together enough successes to keep themselves alive; most simply starve.


Admittedly, we don’t know much about the leopard seal as a hunter; it’s a species that plies its trade so resolutely far from ordinary human observation that most of our ideas about its predatory habits are little better than conjecture. The same cannot, however, be said of the cheetah. This is an animal which has been much observed and much studied for many decades now, more familiar in the living rooms of Europe and North America than are most of the animals outside the TV viewers’ windows. Thanks to countless nature documentaries focused on the East African savannah, the cheetah is a star. Indeed, there cannot be many predators that receive as much easy adulation as this rangy, free-running cat (among other accolades, it has presumably been listed as the world’s fastest land animal in every edition of the Guinness Book of Records since that publication began in 1955). As just about any wildlife documentary wants to tell us, cheetahs are perfect predators in a perfectly spotted coat, able to run down anything that takes their fancy, and then to floor it with a cool – almost contemptuous – tap across the ankles. But just how proficient are cheetahs, really?


The answer is quite possibly, ‘not as proficient as you’d imagine’. In 295 cheetah hunts recorded by observers in the Serengeti Cheetah Project in northern Tanzania between 1993 and 2011, the success rate was just 41 per cent. In other words, they usually fail – and this figure is actually very high for a large predator; most studies of predation reveal much poorer fortunes. Polar bears hunting seals in birthing lairs and breathing holes in Svalbard were found to be successful roughly 10 per cent of the time; for leopards in the Kalahari the success rate was around 16 per cent; for sparrowhawks and peregrines hunting waders on a Scottish estuary, it was 15 per cent and 7 per cent, respectively.


When even the headline species face such bad odds, it should be unsurprising to discover that the survival of predators, especially the relatively inexperienced juveniles, is low. The first challenge for young cheetahs, however, is not avoiding starvation, but avoiding other predators. By following the fortunes of radio-collared adult female cheetahs in the Serengeti from 1987 to 1990, Karen Laurenson from the University of Cambridge recorded the hard realities of life for the world’s fastest mammal. The first few months of a cheetah’s life are overwhelmingly the most dangerous; 72 per cent of the cubs that Laurenson followed never made it outside the den. Of those that emerged, only 51 per cent were alive two weeks later. Predation – mostly by lions – accounted for 73 per cent of cub deaths.


Laurenson estimated that a cub had a 4.8 per cent chance of surviving for seventeen months (approximately the age at which they reach independence). Now compare this with humans in the Central African Republic – currently the country with the lowest life expectancy. Here, 91 per cent of infants survive their first year, and 88 per cent make it to their fifth birthday. Life for a young cheetah is therefore almost an order of magnitude more precarious than for a child in the most deprived country on Earth. So is the cheetah a perfect predator? Quite the opposite; most of them will never kill a thing.


Running Away With It


That eye-squinting, mouth-hanging, dumb-striking speed clearly does not answer all of a cheetah’s problems. Incidentally, although it’s the trait with which they are most associated, and the one that seems to have dominated their evolutionary history, it’s hard to tell with any certainty exactly how fast they are. A cheetah in pursuit of a gazelle may never be going at full tilt, because it is preparing at any moment to change direction, and to coordinate its gait so as to administer the trip that will send its prey sprawling. Think of a footballer charging up-field with the ball at their feet; they can’t quite afford to go all-out on the gas, because they need their feet to land at just the right place to stroke the ball forward with every third or fourth step. It is the same for cheetahs, which means that whatever speed you clock them at, they can probably go faster. So, all existing measures are underestimates, but let’s call it 128kph, which is still very, very fast. For comparison, the fastest 20m section of Usain Bolt’s world-record 100m race was 44kph (and that definitely was his top speed).


And now a more interesting question: why are cheetahs so fast? I say that it’s more interesting because getting to the bottom of it grants us the insight that, if anything, it is the gazelles who have the upper hand (and the same goes for the penguins, if perhaps not for the individual already stuffed into the maw of a hungry seal). In some ways, as we shall see, it pays to be prey.


So, why are cheetahs so fast? There are two answers, both short; one is intuitive, one is glib:




1.   Because the animals they hunt are very nearly as fast as they are.


2.   Because for billions of years there have existed molecules that spontaneously create copies of themselves.





The first answer is the proximate cause; it’s the immediate reason for feline speed in all members of that family – they are fast because the things they want to eat are fast. For cheetahs, this includes several species of gazelle and other small antelopes, most of which can manage 70–90kph for relatively long distances. Fast prey impose a selection pressure on predators for speed – ergo, cheetahs are fast because gazelles are fast.


It’s worth adding a clarification before we continue. Whilst the speed of gazelles drives speed in cheetahs, the two species are not competing with one another to be the fastest; any competition is only between members of the same species. Indeed, a given cheetah’s speed relative to the average cheetah is just as important as its speed relative to the average gazelle. This might seem illogical, so let’s go through the workings. Let’s say that any member of a gazelle population at any given time is slow enough to be caught by cheetahs, though each capture usually takes several attempts. A small population of cheetahs lives well off these gazelles, and even though there is some variation in the cats’ individual speeds, none of them fail to raise cubs; any differences between them in terms of reproductive success are therefore fairly small.


But now a neighbouring group of cheetahs moves in, increasing the density of these hunters, and the dynamic changes. Among the original individuals, those that typically only needed one or two attempts per capture are still feeding themselves and their cubs satisfactorily, but those slightly slower ones that needed three attempts per capture are now struggling. Gazelles are thinner on the ground due to the increased abundance of cheetahs, and each failure is suddenly more critical. Where once a ‘miss’ meant a bit more time spent hunting and a bit less time sleeping, now it means going hungry for several days. The result? The selection pressure on cheetahs steps up, even though nothing about the average gazelle has changed; there’s just more competition between the hunters.


Notwithstanding all that, it is still the case that it’s speed (rather than digestive efficiency, or shoulder width, or hearing, etc.) that gets improved over the generations during this competitive process, because it’s speed that gazelles rely on to escape from cheetahs. The same scenario, reversed, applies to gazelles, and the two processes are mutually reinforcing.


Having made that clarification, we can move on to make a further one. Cheetahs are indeed fast because gazelles are fast (and vice versa), but really what we mean is that cheetahs in this generation are fast because gazelles in their parents’ generation were fast. Those gazelles themselves were fast because cheetahs in the generation before that were fast, and so on. This keeps going back, back before any prehistoric human laid eyes on a cheetah or a gazelle, back before the ancestors of cheetahs and gazelles started to look like cheetahs or gazelles. As the clock spins and the millennia roll away, the changes wrought by competition begin to shift. Now it isn’t speed that matters, but something else – perhaps a suite of features – and soon more species are pulled in, more players in a web connected by advantages and flaws, success and failure, each with the features that were most useful in their parents’ generation – and still we’re falling deeper into the past, beyond the first mammal, through the first land creatures, back to the sea, shedding backbones and gills, losing the branches of nerves, losing the power even to move, falling to the seafloor, twitching helpless in the current …


It’s beginning to look as though the answer to the question ‘Why are cheetahs fast?’ is forever out of our grasp, skipping away in an infinite regression, like a child asking ‘Why?’ to every explanation you give to the question before. But the regression is not infinite; it ends with a molecule that made a copy of itself in the so-called ‘primordial soup’. This is answer number two to my question, and since it’s the ultimate cause,9 it’s worth spending some time on. It also happens to help illustrate just how astonishingly inefficient life on Earth has become. So let’s look at the process in the other direction, starting with that molecule.


The Replicators


It happened somewhere between 4 and 4.5 billion years ago. Life had not yet appeared, and nor had anything else of much interest to the neutral observer, had one existed. But there was water, with a cocktail of chemicals dissolved or in suspension, and energy in the form of volcanoes, thermal vents, and electrical storms. It is not at all clear how it started, but from this inauspicious scenario emerged a molecule with very peculiar properties. It was presumably something not unlike deoxyribose nucleic acid – better known as DNA – which is certainly what its descendants became, but the exact chemical composition isn’t as important as the fact that, under certain conditions, this single molecule spontaneously made a copy of itself. Then it made another copy, and those copies made copies, and soon there was an exponentially growing family of molecules, all doing nothing more or less than producing their own clonal offspring. They were replicators.


DNA is a long chain (actually, more of a ladder, albeit twisted like fusilli pasta) and it replicates by splitting itself down the middle. The two halves then each attract from the surrounding medium the smaller constituent parts that made up their former partners, until two identical molecules now exist where before there was one. Those original molecules were probably single-stranded, rather like the modern chemical RNA (ribonucleic acid, also involved in the genetic machinery of the cell), but they will have shared an important characteristic of both molecules: they did not always replicate with perfect fidelity. Instead, there were occasional copying errors, and this was crucial for all that followed.


Whenever a replicator produced a daughter molecule that was slightly different from all of the others, that new replicator would create copies of itself that retained the error, thus creating a new and distinct lineage. Some of these lineages would have differed slightly in the speed and/or efficiency with which they assembled their copies, meaning that some would become more common than others. At some point, the sheer number of replicators, coupled with the non-infinite local supply of raw materials for building new ones, meant that ‘competition’ between lineages emerged. In the passive and aimless activity of replication, there were nonetheless ‘winners’ and ‘losers’: quick-assemblers became more common than slow-assemblers.


Now suppose that one lineage of replicator was ‘born’ from a copying error that gave it an unusual ability; instead of merely reassembling a copy of itself from small components floating unused nearby, it could actively rip those raw materials from other replicator molecules, thereby becoming a ‘predator’. Such a lineage would predominate very rapidly, and the only kind of replicator that could survive in its presence would be one that could somehow defend itself from dismemberment. That could have occurred if a copying error led it, for example, to gather together not only the components of its own replicate, but also an additional layer of chemicals that could repel those ‘attacks’. Now suppose that the lineage of this ‘armoured’ replicator eventually changed such that it, too, could tear apart other replicators and incorporate the constituents into copies of themselves. The boot would now be on the other foot, and the original rapacious lineage would need either to acquire a lucky mutation to give itself an equivalent armour, or else face becoming extinct.


If we were to jump forward a few hundred million years, we’d see a great deal more sophistication in the mechanisms used by competing lineages of replicator. The layer of chemicals surrounding the surviving molecules would likely be thicker, more diversified, and more effective at repelling attacks, whilst the tools of attack would have grown correspondingly more aggressive. In fact, it might be difficult to discern those replicator molecules at all, as they’d be hidden from view inside the cases they’d made for themselves. In Richard Dawkins’ phrasing, they’d be safely ensconced within ‘survival machines’.


An apparent further innovation was a tendency towards selective cooperation. Some replicators from different lineages coalesced together, and some of these syndicates survived better than the individual constituents. One replicator in the group might cause the machine to be coated with a protective layer, whilst another supplied appendages with which to attack other machines; each feature might be useful in isolation, but both together would be greater than the sum of their parts.


These syndicated survival machines would be slogging it out with each other for access to raw materials, their need for which would be growing with their increasing complexity. It would effectively be an arms race, and would have the same outcome – a tit-for-tat series of escalating innovations in attack and defence – though the process would be different in one obvious respect from the more familiar version: human arms races are deliberate and planned, and this one was not. For example, Britain, France, and Germany became increasingly well armed in the years prior to 1914 because each could see what the other was doing, and chose not to be left relatively weak and defenceless. The escalation of attack and defence among the replicators (inside their survival machines) was, by contrast, unplanned and without purpose. None of the replicators could ‘care’ whether or not they predominated or were torn apart, and the changes that occurred from time to time in their chemical composition would have been random, not directed towards supremacy. However – and this is key – replicators whose random changes caused them to be able to compete more successfully in their environment would be the most likely to stick around to produce more copies of themselves. The process was directionless, but the result looked like a steady progression. By now we can, of course, call the replicators ‘genes’ and their survival machines ‘organisms’.


The stage was set for everything that followed, from eels with catapulting jaws to films about aliens, and it all happened because of copying errors. If the very first replicator had been able to make copies of itself with perfect fidelity, and those copies had made perfect copies, on and on ad infinitum, there would only ever have been one type of replicator. It couldn’t have become more sophisticated because – by definition – it couldn’t change at all. Once all the available raw materials had been mopped up, the process would have stopped as abruptly as it started, and the only thing left over would be whatever could not be incorporated into new replicator molecules. This alternative version of Earth’s biotic history seems just as likely as the one that actually occurred, but the two are starkly different. What occurred was error, therefore diversity, therefore competition, therefore complexity, therefore everything we know and value in life today. Evolution is the result of imperfection. It is imperfection. Without it, there’d be nothing but soup.


Life Versus Dinner


The multi-billion-year-old arms race is still alive and well, and playing out in East African grasslands (among countless other places) between leggy, spot-coated cats and leggy, white-flanked ruminants. The cheetah–gazelle arms race is typical in that there is plenty of absolute gain, but no appreciable change in the relative positions of the antagonists. It is also the case that those positions are not ones of equity; the contest is slightly lopsided. In simple terms, gazelles usually win. As we have already seen, cheetahs are successful on fewer than half of their attempted hunts – and even this is unusually high for a predator. Why does this happen? Cheetahs need to be fast in order to catch gazelles, and gazelles need to be fast to escape cheetahs, which sounds like a symmetrical pair of needs when written in those terms – but it’s decidedly not.


To understand the process, we need to think about differences in the sizes of selection pressures. Such forces are not binary, yes/no affairs; they have degrees of influence. If those leopard seals in the Antarctic found themselves with slightly fewer penguins to get their teeth around, and slightly more krill to suck through their cheeks, there’d be an equivalently small selection pressure for more comb-like teeth. The better-adapted individuals would gain an advantage in terms of reproductive success, but not a large one. But imagine instead that a debilitating, infectious disease erupted in the seal population. Those with innate immunity would survive and breed as usual; those without might have to forgo breeding for a year whilst they recovered – assuming that they could recover at all. This difference in success would represent a savagely hard selection pressure, and any gene-conferring immunity would soon become extremely common in the population, since so few young seals would be born to parents without it. Strong selection pressure drives rapid evolution.


There’s another useful piece of terminology to be introduced here, and that is ‘fitness’. It’s the ‘fit’ in ‘survival of the fittest’, but in an evolutionary context it doesn’t mean what it means in colloquial English. When a biologist talks about an individual’s fitness, they are not referring to its physiological strength, aerobic capacity, locomotive speed, or anything like that. Instead, fitness is a measure of the number of descendants that an individual leaves. Nothing else. Plenty of factors – perhaps including strength and speed, etc. – may contribute to that number, but the relevant factors will differ from species to species and from context to context. Speed is of little use to a barnacle; a jellyfish has scant need for strength.


Just as we can talk about fitness as a kind of wealth (measured in offspring), we can also talk about fitness costs – i.e. the amount of potential fitness lost as a result of some behaviour or circumstance. In krill-rich waters, the fitness cost to leopard seals that lack the most comb-like teeth is likely to be small; they might consume only 97 per cent as much food as those with the best krill-filtering jaws, and perhaps, over a lifetime, that could mean that those individuals will have an average of 0.02 fewer surviving pups than the others.10 By contrast, the cost of lacking immunity to the disease could be 100 times higher if it meant missing a breeding season entirely. Two environmental factors, two different costs – and the higher the cost, the higher the selection pressure to avoid it.


A single species can thus experience different strength pressures from different factors; likewise, an antagonistic contest between two species can involve a different level of pressure for each one. This is how it plays out with cheetahs and gazelles, and it happens because the potential fitness costs of an interaction between individuals of these species are not the same. If a cheetah fails to catch a gazelle that it has chased for several minutes, it wastes energy and time; it might be an hour or more before it has recovered enough to return to hunting, and every failed hunt is a small step towards starvation, for itself and/or its cubs (if it is female; male cheetahs, like most male mammals, do not help rear their offspring). Crucially, however, the cheetah does have other chances; failure in any given chase has a real cost, but not a large one. In fact, it is implausible that even the most successful and fecund individual cheetahs have never experienced failure; they can fail over and over again, and still rear offspring to independence.


Now look at things from the gazelle’s perspective. Failure to ‘win’ any given chase is catastrophic. Everything is forfeited, and fitness instantly becomes zero. As Richard Dawkins and John Krebs wrote in 1979, ‘No rabbit has ever reproduced after losing a race against a fox.’ This asymmetry has implications. Natural selection acts as a filter between generations, admitting preferential entrance to those lineages whose characteristics best serve them in the current environment. The finer the filter, the more concentrated those characteristics become. The filter for gazelles will not admit a single animal that lost a race against a cheetah (assuming that it has not already reproduced), but the filter for cheetahs lets most cheetahs in, only punishing the serial losers. The upshot is that gazelle genes for the ability to evade cheetahs are under a much stronger selection pressure than are cheetah genes for the ability to capture gazelles.
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