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Introduction



For some students in North America, the first geology lesson is about poker. For others, it focuses on pearls. My British geology teacher opted to talk about camels. In all three cases, the idea is to make sure the students learn the main geological divisions of the last half a billion years or so – Cambrian, Ordovician, Silurian, and so on. The details vary, but the method of choice is the same: a mnemonic.


Come over some day, maybe play poker. Three jacks can take queens.


Cold oysters seldom develop many precious pearls, their juices congeal too quickly.


In the UK, where the geological divisions chosen are slightly different, the mnemonics run something like this: Camels often sit down carefully. Perhaps their joints creak? Early oiling might prevent permanent rheumatism.


Science is packed full of these phrases. There are mnemonics for remembering the order of the planets of the Solar System, the chemical elements of the periodic table and the different taxonomic ranks used to classify organisms. But these are not the only little hacks scientists and science students can use to memorize key bits of information. One of the most effective ways to remember a scientific theory or law is to boil it down to a pithy phrase.


Within a few years of the publication in 1859 of On the Origin of Species, Charles Darwin’s theory of evolution by natural selection had been reduced to a simple expression: survival of the fittest.


Another of the great mid-19th century scientific achievements was the formulation of the first and second laws of thermodynamics. Today, many physicists and non-physicists alike sum them both up in one memorable witticism: you cannot win, and you cannot break even.


Reduce a core scientific concept too far, though, and you can run into trouble. Some people dismiss “survival of the fittest” as a tautology (they argue it could be rewritten as “survival of those that survive”). The single sentence summary of the first and second laws of thermodynamics, meanwhile, is rather cryptic to anyone who does not already know what the two laws are. In this book, I have aimed for a middle ground. The hacks that follow may not be as clever or instantly memorable as the famous examples above, but I hope they are a little more useful – especially for those who want to find a shortcut to understanding some of the most challenging concepts in science.





No.1
The theory of evolution by natural selection
Why Darwin matters





[image: Illustration]


Charles Darwin // 1809–1882





[image: Illustration]1/Helicopter view: Most people have heard of Charles Darwin. In the 1830s, Darwin traveled to exotic lands on the Royal Navy ship HMS Beagle. Among many observations he made, Darwin noticed how much variability there is in the natural world, and the difficult struggle for existence individual organisms face.


A couple of years after his return to England, Darwin read an essay by economist Thomas Malthus, which painted a bleak picture of humanity’s future: populations could double with every passing generation, but food production would fail to keep pace, leading to starvation for many – another struggle to survive.


Darwin suspected that a Malthusian-like struggle plays out in the natural world, and that this struggle could form the basis of a mechanism through which new species evolve.


Perhaps surprisingly, Darwin didn’t rush to publish. He shared his ideas with friends, who suggested the argument could be made stronger with a larger body of supporting evidence. Darwin took the advice, and spent several years studying species to gather such evidence.


Then, in the 1850s, he received word from another scientist working in Indonesia. Independently, Alfred Russel Wallace was homing in on a very similar view of the evolutionary process. In 1858, a scientific society in London heard letters from both Darwin and Wallace explaining the new idea. The following year, Darwin published a lengthy book setting out his evidence for evolution by natural selection. On the Origin of Species became famous. Darwin’s reputation was sealed.




[image: Illustration]


Darwin was influenced by his voyage on the Beagle and reading Malthus’s work.





[image: Illustration]2/Shortcut: Darwin realized that organisms often give birth to large numbers of offspring. There is variability among those offspring: some might have slightly longer limbs or sharper eyes, for instance. Most individuals will struggle to survive, but a lucky few will have features that make it easier for them to flourish, so they will prosper and breed – they will be naturally selected. Darwin assumed these individuals’ offspring would inherit some of the beneficial features, and so over time these features would become more common in the population. Gradually, the population will evolve into a new species characterized by the new features.




[image: Illustration]3/Hack: Some individuals are just inherently better suited to their environment than others. They are more likely to survive and breed.


Consequently, they have more influence on the evolutionary trajectory of their lineage.





See also //


2 The principle of coevolution


5 The modern synthesis






No.2
The principle of coevolution
Darwin’s astonishing predictive powers





[image: Illustration]


Gaston de Saporta // 1823–1895





[image: Illustration]1/Helicopter view: In the years following the publication of On the Origin of Species, Charles Darwin became famous for his work on evolution. But he also had a reputation for his specialist knowledge – including on the biology of orchids.


In 1862 Darwin was sent a specimen of an unusual Madagascan orchid, which produced flowers with nectar at the base of a 25-cm- (10-in-) long trumpet. Darwin made a prediction: Madagascar must be home to a species of insect with a tongue that was 25cm (10in) long. His prediction was based on the idea that two or more species influence each other’s evolution, or coevolve – although the term “coevolution” wasn’t coined until the 1960s. Darwin might never have used the word, but he was conscious of the importance that the principle of coevolution might play in nature.


A famous example involves the initial appearance of flowering plants. In Darwin’s time the fossil record suggested that flowers burst onto the scene in the geological equivalent of the blink of an eye. This bothered Darwin, who believed that species evolved very gradually. Gaston de Saporta suggested the mystery might be explained by what scientists would now call coevolution. Perhaps flowers evolved so rapidly because they coevolved with insect pollinators, and this sped up the usually slow process of evolution. Darwin thought de Saporta’s idea was “splendid” (although scientists now think it was probably wrong, not least because fossils found since Darwin’s day show flowers evolved more gradually than once thought).


And what of Darwin’s prediction? About 20 years after his death, biologists found a species of Madagascan moth with an extraordinarily long tongue. In 1992, scientists confirmed that the moth does indeed feed on nectar from the unusual orchid.




[image: Illustration]


Morgan’s sphinx moth uses its astonishingly long proboscis to feed on Madagascar’s remarkable orchids.





[image: Illustration]2/Shortcut: Darwin suggested that some species of flowering plant have entered into an “evolutionary pact” with some species of insect. Flowers produce sweet nectar that provides insects with nourishment, while the insects (unwittingly) carry pollen between flowers as they sup on the nectar, helping the plants fertilize each other and produce viable seeds. If a plant has evolved flowers with difficult-to-reach nectar it stands to reason that an insect must have evolved a tongue to take advantage of the food.




[image: Illustration]3/Hack: Biological species don’t evolve in a vacuum. The evolutionary path a species takes is modified by its environment.


This means two or more species in the environment might end up influencing each other’s evolution.





See also //


8 The Red Queen’s hypothesis






No.3
The Lamarckian theory of inheritance
A (not entirely) wrong way to view evolution





[image: Illustration]


Jean-Baptiste Lamarck // 1744–1829





[image: Illustration]1/Helicopter view: Charles Darwin was not the first scientist to think about evolution. Of those who came before him, one is particularly famous: Jean-Baptiste Lamarck. In the early 19th century, Lamarck came up with a complicated and detailed evolutionary framework in which species were compelled to gain complexity over time. However, there are two concepts he championed as part of this framework for which he is now famous. The first is the idea that organisms change during life in response to their environment – they acquire new characteristics – the second is that the organism’s offspring inherit these acquired changes. Decades after Lamarck’s death, these two ideas became known as the Lamarckian theory of inheritance.


Perhaps surprisingly, Lamarckism remained popular even after Darwin had published On the Origin of Species in 1859. In fact, in the late 19th century and early 20th century many scientists were sceptical about Darwin’s theory of evolution by natural selection. During this period – sometimes called the “Eclipse of Darwin” – many argued that evolution was actually driven by the inheritance of acquired characteristics. In essence, they argued that evolution was Lamarckian not Darwinian. It was only when scientists rediscovered the work of Gregor Mendel and began to see evolution through the prism of genetics that Darwin’s idea of natural selection became popular again (see: The modern synthesis).


There is a postscript to the story. Genetic studies largely disproved Lamarckism. In the last few years, though, strange exceptions to this rule have emerged. For instance, some bacteria “hardwire” life experiences into their DNA, meaning their offspring do in fact inherit features acquired by the parent cell. In some circumstances Lamarckism apparently does occur.




[image: Illustration]


The giraffe’s long neck – an evolutionary puzzle Lamarck’s theory seemed to solve.





[image: Illustration]2/Shortcut: One way to think about the broadly disproved Lamarckian theory involves giraffes. During its life, the (short-necked) ancestor of the giraffe strained to nibble leaves from tall trees. This literally stretched the animal’s neck, making it slightly longer. Lamarckism suggests that the giraffe’s offspring inherited this feature: at birth, their necks were slightly longer than their parents had been when they were born. Later in life, these offspring also strained to feed, so their necks stretched a little more. When they reproduced, their offspring began life with even longer necks. Countless generations of this process gave rise to the modern giraffe, with a neck that can be almost 2 metres (6 feet 6 inches) long.




[image: Illustration]3/Hack: Lamarckism theory, rejected by most biologists, suggests that organisms adapt to their environment throughout life and then pass these acquired changes on to their offspring.


It suggests evolution is driven by experiences gained in life.





See also //


1 Theory of evolution by natural selection


16 The theory of Mendelian inheritance






No.4
The concept of neoteny
Why humans are forever young





[image: Illustration]


Julius Kollmann // 1834–1918







[image: Illustration]


Auguste Duméril // 1812–1870





[image: Illustration]1/Helicopter view: In the 1860s Auguste Duméril made an astonishing discovery. He had received a shipment of strange amphibians from Mexico. Scientists knew that the animal – the axolotl – grew into a peculiar aquatic species: what Duméril discovered was that if the animal was forced to live in drier environments it metamorphosed into something much more like a salamander, with lungs instead of gills. Duméril’s work was a step towards recognizing an important factor at play in evolution.


Almost at the same time that Duméril was performing his experiments, Edward Drinker Cope was considering the role that accelerated or arrested development might play in the origin of new species. Organisms can change their appearance drastically as they grow to sexual maturity. Perhaps, suggested Cope, some new species might evolve simply by random shifts in this pace of development. Charles Darwin read Cope’s essay on this concept and was clearly impressed. He folded the idea into his sixth and final edition of On the Origin of Species, published in 1872.


A decade later Julius Kollmann recognized that Duméril’s work on the axolotl provided a concrete example of Cope’s concept in action. Duméril had helped to show that the axolotl seems to become stuck in a state of arrested development if it spends its entire life in water: it retains gills and other juvenile features even as a sexually mature adult. Kollmann called this retention of juvenile characters into adulthood the concept of neoteny. Today, many biologists recognize that neoteny has played a key role in the evolution of species – probably including our own.




[image: Illustration]


Raise the axolotl in water and it will retain the features of a juvenile amphibian even into old age.





[image: Illustration]2/Shortcut: Biologists often use humans as a classic example of neoteny. Our nearest living relatives, the chimpanzees and bonobos, produce babies that look relatively similar to human babies. However, as chimps and bonobos grow they develop additional features: they gain more hair, a large jaw and long muscular arms, for instance. As humans grow they retain many “babyish” features: little hair, a small and weak jaw, relatively short arms, and so on. Humans certainly grow old, but in a peculiar way we look forever young.




[image: Illustration]3/Hack: Evolution isn’t always about the appearance of brand new characteristics.


Sometimes it’s simply about slowing (or speeding up) the rate that existing features develop.





See also //


1 The theory of evolution by natural selection






No.5
The modern synthesis
Evolution as we now know it





[image: Illustration]


J B S Haldane // 1892–1964





[image: Illustration]1/Helicopter view: Charles Darwin first outlined his theory of evolution by natural selection in the 1850s – but 40 years later, biologists were still arguing about its merits. At the turn of the 20th century biologists began to recognize the important role that genetics play in evolution, eventually realizing that genes supported Darwin’s views on evolution and leading to what is called the modern synthesis.


Just a few years after Darwin published On the Origin of Species, Gregor Mendel began experimenting on pea plants and exploring the way organisms inherit features from their parents. Mendel was ahead of his time – it wasn’t until the 20th century that biologists took his ideas seriously and the study of genetics began in earnest.


But it was vital that they did. Genetics provided a missing piece in Darwin’s theory – a mechanism through which characteristics could be inherited. Even so, many early geneticists thought their work actually disproved Darwin’s ideas. Genes were discrete chunks of heritable information, and they seemed to imply evolution occurred in abrupt leaps: if a gene for “tallness” emerged, for instance, then a population might evolve rapidly into a new “tall” species. Darwin had insisted that evolution was slow and steady, with new species evolving gradually (see: The theory of punctuated equilibrium).


But as geneticists began to probe more deeply they changed their minds. In the 1920s they discovered that a feature like “tallness” is often coded by dozens of genes, not just one. Scientists like Ronald Fisher, J B S Haldane and Sewall Wright began to produce mathematical models to explore how populations might evolve if one or more individuals happened to be born with a beneficial new genetic mutation. They realized that genetic complexity led to a pattern and pace of evolution that was perfectly compatible with Darwin’s concept of natural selection. More than 60 years after the publication of On the Origin of Species, biologists had finally accepted Darwin’s ideas.




[image: Illustration]


Digital images can look smooth at a distance even though they look blocky in detail.





[image: Illustration]2/Shortcut: One of the key revelations of the modern synthesis was that biological features are often controlled by dozens of genes, not just one. This simple discovery helped explain how discrete, binary genes can build organisms that seem to seamlessly blend features from both parents and evolve gradually into new forms. A computer game character looks blocky when it is drawn on a 12 by 16 pixel grid but super-smooth if it is drawn using thousands of pixels: similarly, an organism – and evolution – has a “smooth” appearance because organisms are often built from thousands of genes, not a mere handful.




[image: Illustration]3/Hack: The modern synthesis showed how evolution by natural selection works through genetic inheritance.


It represents the moment that biologists agreed about what evolution is and how it occurs.





See also //


1 The theory of evolution by natural selection


16 The theory of Mendelian inheritance






No.6
Sexy son hypothesis
Why females find cheating males attractive





[image: Illustration]


Ronald Fisher // 1890–1962





[image: Illustration]1/Helicopter view: In the 19th century, Charles Darwin and Alfred Russel Wallace were both fascinated by the striking appearance of some animals, particularly males. The theory of natural selection did not seem to be able to explain why male peacocks have such elaborate tails or why stags have large antlers. Something else must be going on.


By the 1870s, Darwin had come up with a working hypothesis: such traits were a consequence of a special type of natural selection called sexual selection. Natural selection is based on the idea that a species evolves to cope with pressures in its environment – for instance, some animals will evolve leaner, more muscular bodies to outpace a natural predator. Sexual selection suggests pressures can come from within the species too. If, for example, females of the species prefer to mate with males that have brighter fur or feathers, then this preference might eventually lead to the evolution of brighter males.


An important point is that the pressure to be sexually desirable can be so strong that males might evolve features that appear to reduce their chances of survival. It seems strange for a male bird to evolve red feathers that are conspicuous to predators, but the pros of sexual attractiveness and mating opportunities might outweigh the cons of being more likely to be eaten.


Ronald Fisher refined the idea in 1930. By this point, the concepts of natural selection and genetic inheritance had come together into a powerful evolutionary model. This meant that biologists had begun to think of organisms and evolution in terms of genes. Fisher realized that females might boost the chances of their genes surviving and multiplying by choosing to mate with attractive males, precisely because any male offspring from these unions may inherit their father’s attractiveness and his likelihood of finding many opportunities to mate. This updated view of sexual selection became known as the sexy son hypothesis.




[image: Illustration]


The male peacock may have evolved its elaborate tail simply to attract females.





[image: Illustration]2/Shortcut: Fisher’s sexy son hypothesis makes sense of one of life’s enduring mysteries: why females of the species (including the human species) often seem to be attracted to unfaithful males. Females of many species seem to accept that they must devote time to raising their infants. This means they will have relatively few children and their genes won’t spread far. But if male children inherit their father’s attractiveness and his willingness to sleep around, the female should end up having dozens of grandchildren. Ultimately, her genes (many of which are carried by her sexy sons) will multiply.




[image: Illustration]3/Hack: Females mate with attractive but promiscuous males in the expectation that the sons from such unions will inherit their father’s attractiveness and his licentiousness.


These “sexy sons” should spread their genes (which include many of their mother’s genes) far and wide.





See also //


7 The concept of kin selection


28 The grandmother hypothesis






No.7
The concept of kin selection
Why individuals matter less than you might think





[image: Illustration]


John Maynard Smith// 1920–2004





[image: Illustration]1/Helicopter view: Charles Darwin was acutely aware that some animals seemed, on first impression, to behave in a way that was at odds with his theory of evolution by natural selection. Social insects were a particular concern. Often, large numbers of ants or bees in a colony are sterile. If natural selection is based on the idea of traits passed down the generations, how could the trait of “sterility” survive and prosper? In his book On the Origin of Species, Darwin suggested an explanation.


Darwin began by speculating that some fertile animals may carry the means to produce sterile offspring if they need to. He then went on to suggest that such sterile offspring might, through their activities, help their fertile peers to prosper. If they did so, then the animal population as a whole could thrive and evolve. In a funny, indirect way, sterile worker ants would help perpetuate the survival of sterile worker ants – using fertile ants as a conduit.


In the 1930s, once biologists had married the science of genetics and the science of natural selection (see: The modern synthesis), they modified this idea slightly. Ronald Fisher and JBS Haldane reasoned that evolution is really about the survival of genes rather than individuals (see: Selfish gene theory). The insects in a colony are closely related, which means sterile individuals carry very similar genes to their fertile siblings. If sterile workers altruistically help fertile individuals to survive and breed, the sterile workers “win” too – genes very similar to their own survive and replicate through their fertile peers. The concept grew in popularity. In the 1960s, John Maynard Smith gave it a name: kin selection.




[image: Illustration]


Kin selection provides a solution to the mystery of why some ants are born sterile.





[image: Illustration]2/Shortcut: To understand the concept of kin selection it might help to look at the human body from a different perspective. Imagine one of your toes becomes infected with a nasty pathogen. The doctors give you a choice: have the toe amputated or let the infection grow and spread, putting your life at risk. Clearly, amputation is the best option, even though this involves “sacrificing” all of the human cells in the toe. Now imagine each of those cells is actually an individual animal living in a tightly knit family group. It makes evolutionary sense for some of those animals to sacrifice themselves if doing so ensures the survival of the group as a whole.




[image: Illustration]3/Hack: It’s what’s on the inside that counts. If two or more individuals have a large number of genes in common then, from an evolutionary perspective, these multiple individuals are effectively a single entity – a kin group.





See also //


1 Theory of evolution by natural selection






No.8
The Red Queen’s Hypothesis
Evolving to stand still





[image: Illustration]


Leigh Van Valen// 1935–2010





[image: Illustration]1/Helicopter view: Evolution is about survival. As such, we might expect species would get “better” at surviving as time passes. Or to put it another way, species should have become better at avoiding extinction. It’s an idea that Leigh Van Valen explored in the 1970s, and he discovered something unexpected.


When he looked at the fossil record and discounted dramatic extinction events, Van Valen discovered that extinction rates have remained more or less the same in any given group of animals. This means, for instance, that the probability of a mammal species going extinct is roughly the same today as it was 40 million years ago. Mammal species have apparently got no better at surviving, even after millions of years of evolution. Van Valen looked for an explanation. The one he came up with is known as the Red Queen’s hypothesis.


Van Valen’s hypothesis leaned on the idea that species don’t live in a vacuum. Two or more species in an ecosystem interact, and influence each other’s evolution. Coevolution is often an antagonistic process: one species does well at the expense of another, and vice versa. This means that if one species gains a survival advantage by evolving a new trait, another species probably finds its chances of survival disadvantaged as a consequence. In other words, the survival odds of one species are constantly being undermined by evolutionary innovations that occur in other species. The first species has to keep evolving new features just to maintain its current chance of avoiding extinction. This reminded Van Valen of something said by the Red Queen in Lewis Carroll’s Through the Looking-Glass: “It takes all the running you can do, to keep in the same place.” He suggested that species are effectively evolving to stay where they are.


The idea has become popular with biologists, but it is not without its critics. In the late 1990s, Anthony Barnosky suggested that evolution is often driven by physical, non-biological pressures – changes in climate, for example – rather than by competition between species. As such, the Red Queen’s hypothesis might not always hold true. Barnosky called this alternative reading of evolutionary change the Court Jester hypothesis, perhaps a reference to the surprising or disruptive role sometimes played by the joker in a deck of cards.




[image: Illustration]


Surprisingly, Alice’s Red Queen is an important figure in evolutionary biology.





[image: Illustration]2/Shortcut: Van Valen’s Red Queen is about the survival of species, but it is easier to think of the idea in terms of the survival of populations. Imagine a population of herbivores living alongside a population of predators. Every year the predators kill roughly one thousand herbivores. The herbivores evolve traits that reduce their vulnerability: thicker skin and faster bodies, for instance. In principle the kill rate should fall. But the predators are evolving traits that boost their chances of making a kill: stronger jaws and sharper eyes, for example. Because both populations are constantly evolving, neither ever gains the upper hand. The predators still make roughly one thousand kills every year.




[image: Illustration]3/Hack: There’s a difference between relative and absolute success: a species in an ecosystem is evolving traits that increase its chances of survival. But so are the other species in its environment.


Relatively speaking, survival rates don’t change.





See also //


2 The principle of coevolution






No.9
The theory of punctuated equilibrium
Evolution gets a radical rethink



[image: Illustration]1/Helicopter view: At the very core of Charles Darwin’s thinking on evolution is the idea that species evolve gradually. In the 1970s, Stephen Jay Gould and Niles Eldredge dared to suggest an alternative view. They argued that the evolution of new species is more often than not abrupt and dramatic.


Gould and Eldredge’s idea really began a few decades earlier with the work of Ernst Mayr. In his research, Mayr suggested that the flow of genetic information through a large population of organisms should, in principle, act as a sort of buffer that stifles innovation and prevents new species appearing. However, the situation changes if a few individuals become isolated from the main population. Because this satellite population is small, useful genetic innovations are more likely to be influential rather than to be drowned out: the population is more likely to evolve into a new species.


Gould and Eldredge liked this idea. They had spent years studying the fossil record, and they knew that throughout geological history, new species seemed to appear suddenly, change little in appearance for thousands or even millions of years, and then disappear abruptly. This didn’t seem to be compatible with Darwin’s view of species evolving gradually, but it fit well with Mayr’s idea of species appearing rapidly in small, satellite populations.


Gould and Eldredge came up with a theory that combined Mayr’s research into genes and their research into fossils. A new species appears suddenly from a small founder population. As it becomes more successful, its population size swells – and this stifles its ability to evolve and change its appearance. Eventually, it becomes less competitive and dies out. Gould and Eldredge called this view of evolution punctuated equilibrium.




[image: Illustration]


Punctuated equilibrium argues new species appear rapidly, not gradually.







[image: Illustration]


Stephen Jay Gould // 1941-2002





[image: Illustration]2/Shortcut: Punctuated equilibrium is about the power of the small. Imagine being handed a pint of milk, an almost empty bottle of red food dye, and a written command to make bright pink milk. At best, the few drops of dye in the bottle will give the pint of milk a slightly pinkish hue. But by decanting a little of the milk into the dye bottle you can meet the challenge: the small volume of milk in the dye bottle is bright pink. Punctuated equilibrium argues species change only when a small subset of the population is “decanted” so it can be influenced by a new genetic mutation. For most of the time, populations are so large that they are difficult to influence – and species don’t seem to evolve very much.




[image: Illustration]3/Hack: A common assumption is that evolution is all about change.


The theory of punctuated equilibrium emphasizes that it’s also about stasis.





See also //


36 The theory of catastrophism






No.10
The concept of exaptation
Why half a wing is more useful than it might appear





[image: Illustration]


St. George Jackson Mivart // 1827–1900





[image: Illustration]1/Helicopter view: About a decade after Charles Darwin published On the Origin of Species his theory of evolution by natural selection was criticized by St. George Jackson Mivart. The problem with natural selection, argued Mivart, is that it suggests species and their features evolve very gradually. But something like an eye or a wing becomes useful only in a complete form. What good is half a wing, and why would natural selection favour an animal with such an apparently useless feature?
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