
[image: cover]


[image: ]



Orders of Insects

Family Tree of Arthropods and Insects

Geological Periods and the Origin of Different Insects

Introduction

1 Teeming Hordes

2 Origins

3 Hexapods

4 First in Flight

5 Wings over the World

6 Flower Power

7 The Mating Game

8 The Next Generation

9 Living Together

10 For Queen and Colony

11 Superorganism

Acknowledgements

Notes

Bibliography



[image: ]


African mantis, Sphodromantis lineola
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Archaeognatha

jumping bristletails

Zygentoma
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Geological Periods and the Origin of Different Insects


	Period
	Millions of years ago
	Insect events


	Ediacaran
	635
	First Arthropods


	Cambrian
	538
	


	Ordovician
	485
	First insects


	Silurian
	443
	


	Devonian
	419
	First winged insects?

Hemiptera: True bugs

Hexapod Gap


	Carboniferous
	358
	Hexapod Gap

Endopterygotes


	Permian
	299
	Hymenoptera: Sawflies, wasps, bees and ants

Coleoptera: Beetles


	Triassic
	252
	Orthoptera: Grasshoppers and crickets

Odonata: Dragonflies


	Jurassic
	201
	Lepidoptera: Butterflies and moths

Diptera: Flies

Blattodea: Cockroaches and termites


	Cretaceous
	145
	


	Paleogene
	66
	


	Neogene
	23
	


	Quaternary
	2.6
	








[image: ]


The horsehead grasshopper, Pseudoproscopia scabra, is just one of a vast range of strange and bizarre insects found in tropical South America.





Introduction

Insects 101

I am dying by inches from not having anybody to talk to about insects…

Charles Darwin, 18281

Every kid has a bug period.

I never grew out of mine.

E. O. Wilson, 20132



Judged by numbers of species (around a million so far described by science – perhaps another 5 million out there… somewhere) or by numbers of individuals (one estimate suggests 10 quintillion of them), insects are the most successful group of animals ever to have lived. One in every four animals on the planet is a beetle, one in every ten is a butterfly or moth. A couple of years ago, thirty entirely new species of flies were discovered just within the city of Los Angeles.3

I’ve been photographing, studying or reading about insects for close on five decades and yet every time I pick up a new research paper or book, or even turn over a log in my local woodland, I come across something new and engrossing to follow up. In my work as a wildlife filmmaker, I’ve also been privileged to travel the planet and meet with scientists working on many aspects of insect life who have been unfailingly gracious in sharing their work and insights. And, even after all this time and all this global exploration, I still come across whole areas of insect natural history and biology that I had no idea existed. They provide, quite literally, endless fascination – a fascination I hope to share with you over the following pages.

If a book that takes a journey through a world of a million species and perhaps 10 quintillion individuals can be said to have a unifying theme, then it’s a search for the reasons behind this phenomenal success of insects. Their recipe for the conquest of the planet (or at least of dry land and fresh water) has many ingredients, some based on the adaptability of the insects’ unique ground plan, others on their impressively diverse life cycles and behavioural repertoires.4 Each chapter is centred on one or more of these key traits of insect life as we explore the reasons behind the triumph of insect-kind – and how they’ve held dominion over terrestrial and freshwater environments for so long.

However, before we plunge headlong into one of the greatest stories in the natural world, let’s get a few essentials tied down with my user-friendly guide to some of the background information that will make our journey easier. In the following pages I’ll explain some frequently used terms and answer some frequently asked questions. I’ll also outline how the rest of the book is laid out.

Our story unfolds across the whole planet but also through deep time. Insects are an ancient group of animals, and to fully appreciate their achievements we need to understand their long history as well as their current occupation of Planet Earth. The spans of geological time that encompass insect evolution are beyond human imagining, but they can at least be represented graphically, which provides a framework for our chronological story. In the slice of Earth’s history that interests us there are twelve geological periods. The most widely known, thanks to Steven Spielberg, is the Jurassic, but I’ve included a geological timescale, listing the other periods, beginning 635 million years ago, for quick reference (see here).

Historically, this timescale was assembled piecemeal and, in its early incarnations, it was often based on work in Britain, with what looks like a distinct bias towards the south-west. Cambrian refers to Wales and Devonian to Devon, while Silurian and Ordovician are both named after Welsh Celtic tribes. Others are named for the types of rock that predominate (Cretaceous – chalk, or Carboniferous – coal), or for other regions of the world. The Permian is named for the region of Perm in Russia and Jurassic for the Jura Mountains on the Swiss–French border. All we need to know, though, is their chronological order and their age, since this is the canvas on which we’ll paint the evolutionary history of insects.
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A keeled skimmer, Orthetrum coerulescens. Insects that resembled modern dragonflies flew in the swamp forests of the Carboniferous period, 300 million years ago.



Let’s begin with an introduction to entomology – not to be confused (as it frequently is) with etymology, the study of words. My own introduction to entomology came in 1973 when I arrived at the University of Bristol as an undergraduate to study zoology. I brought with me a passionate interest in birds and reptiles that dated as far back into my childhood as I can remember, but that soon changed.

At the time, the Zoology Department was headed up by Professor Howard Everest Hinton, an eminent and, at times, controversial entomologist. We students often referred to him by his initials, HEH, and the similarity to HRH – His Royal Highness – seemed to us eminently appropriate. He was often in lively, if not acrimonious, debate with fellow entomologists over a whole range of fundamental concepts in entomology. His lectures were part invective against those who disagreed with his views and part mind-boggling introduction to an alien world. He had an infectious curiosity about all aspects of the insect world. No detail was too small to be ignored, since such minutiae often led to far deeper revelations. Many entomologists might focus on narrow areas of their subject or study insects amenable to life in a laboratory, perhaps a sensible approach to such a vast group of animals, but Hinton ranged with enthusiastic abandon across most of insect-kind and questioned everything he saw. He was as much at home in the field as in the lab, and had a wonderful collection of the strange and the bizarre that he would happily show off to anyone who exhibited anything more than bored apathy.
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A membracid bug, Gigantorhobdus enderleine, from Malaysia.



His lectures opened my eyes to an extraordinary world, so I was delighted when he offered me a grant to study for my doctorate in entomology. But, we should begin our journey into the world of insects where Howard Hinton did in the first of his lectures that I attended. We need to ask, what is an insect? A great many people are confused about this, including some naturalists. Even scientists have, on occasions, also changed their minds as to which creatures are insects and which aren’t – so some degree of confusion is perfectly understandable. However, we perpetuate that confusion daily because of the way these little creatures are categorized in the popular mind.

Many people attach the term ‘bug’ to any ‘creepy-crawly’, from spiders and scorpions, to centipedes and millipedes, as well as to all the beetles, flies, butterflies, crickets and similar creatures. Since ‘bug’ is frequently used interchangeably with ‘insect’, this widespread view lumps all these creatures together as ‘insects’, which spiders, scorpions, millipedes, centipedes and the like are decidedly not. However, those who commit this entomological heresy find themselves in good company. Even Aristotle made this same mistake. Along with true insects he included spiders, centipedes and millipedes in his class Entoma, which – as we will see shortly – downplays a rich and intriguing history, although Aristotle did at least give us a name for the study of true insects.

Incidentally, ‘bug’ has a very specific meaning for an entomologist – the term refers to insects belonging to the order Hemiptera (for example, shield bugs or flower bugs). I know entomologists who come close to responding with violence against those who use the word ‘bug’ to refer to anything that’s not a hemipteran. I would never have dared utter such a profanity in Howard Hinton’s presence. So, what exactly is an insect, and how do you avoid being decked by an angry entomologist? It turns out to be surprisingly hard to give a simple answer. Yet, exploring this deceptively straightforward question is the very beginning of our journey through the world of insects.

To understand what is (and isn’t) an insect, it helps to look at the position insects occupy on the great tree of life. The branches on this tree all have names (of course they do – biologists love classifying and labelling things), so to define an insect in this way, we’ll need to delve briefly into the system of hierarchical categories that scientists have invented to impose some kind of order on the exuberant diversity of life. Although life often disregards our attempts to force it into such neatly stacked boxes, this system is nevertheless a convenient way to get a handle on the bewildering variety of living things, and it is certainly useful in making sense of the vast diversity of insects.

First, insects are arthropods – that is, they belong to the phylum Arthropoda. Those other ‘bugs’ – spiders, centipedes and the others – are also arthropods; so, although not insects, they are all related, if only distantly. Unfortunately, there’s no scientifically correct way to refer to all these creatures as a whole, so I’ve no doubt that ‘bugs’ will retain some currency for the moment as a handy collective term for all these terrestrial arthropods, even among some entomologists. For example, the UK’s leading insect conservation charity is called Buglife, even if that does raise the blood pressure of more traditional entomologists.

Phyla (singular phylum) are the really broad categories of animals. The term was coined in 1866 by the German zoologist Ernst Haeckel, who derived it from the Greek word phylon, meaning a race, tribe or clan. Other phyla include Annelida (various kinds of segmented worm), Cnidaria (anemones, corals and jellyfish), Echinodermata (starfish and sea urchins) and Chordata (all the vertebrates, including ourselves, along with a few obscure creatures that are almost vertebrates). Phyla are divided into further categories, each representing animals that are more closely related to each other, and each of these is then further divided into groups of even closer relatives. There are an awful lot of levels in this hierarchy, and much disagreement over who belongs where, but a few broad categories will help in understanding what an insect is. Phyla are divided into classes, and classes into orders, which are themselves composed of families. Another way to visualize this is as the ever finer branching of the evolutionary tree, from large boughs to tiny twigs.

There are currently thirty-two animal phyla, of which the arthropods are by far the largest and, if judged on that criterion, the most successful.5 The best way to think of these phyla is that each represents a fundamentally different body plan – for example, the repeated segments of annelids, the five-rayed symmetry displayed by echinoderms, or a body built around a dorsal ‘spine’ among the chordates. Among other features, arthropods all share a tough outer skeleton – an exoskeleton – made largely from a substance called chitin but often further reinforced with minerals to make a really tough shell. This is one reason why arthropods seem so alien to our eyes. They are built the opposite way around compared to us. While we drape all our soft bits around the outside of the rigid internal framework of our skeletons, arthropods hang all their vital organs from the inside of a suit of armour. Like a suit of armour, the exoskeleton needs flexible joints to allow arthropods to bend and flex or to swim or walk.
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Spiders are not at all closely related to insects, although frequently thought so in the minds of many people.
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A terrestrial crayfish, Engaeus sp., from Tasmania. Crustaceans, like insects, are arthropods and share with them jointed limbs and a hard exoskeleton.



Arthropod literally means ‘jointed foot’, because another feature common to all arthropods is the possession of such jointed limbs, for walking, swimming or even breathing. This innovation appeared right at the start of arthropod history, and played a significant role in the success of the whole group. A recent dramatic find highlights the flexibility of this fundamental feature of arthropods.

In 2015, an enormous (2-metre-long) and exceptionally well-preserved fossil arthropod was discovered in Morocco. In life, it swam in some ancient ocean around 480 million years ago, during the Ordovician period.6 This giant was a filter feeder and a kind of anomalocarid, a group of animals that branched off from the very base of the arthropod family tree. Their name means odd crab, but that does these magnificent creatures a gross disservice. Many reached large sizes and while some were filter feeders, many more were predators, which has prompted some to call them killer shrimps.

It would have been a truly alien experience to have snorkelled in the oceans of the Cambrian and Ordovician periods. While there was little, if any, life on land, the oceans teemed with a bizarre assemblage of creatures, many of which were arthropods. Anomalocarids cruised these ancient seas, propelled by undulating flaps arranged in rows along their bodies. Eurypterids, often called sea scorpions, crawled over the seabed and also grew to enormous sizes. One of their kind, Jaekelopteris, reached two and a half metres in length, making it the largest arthropod ever to have lived – at least as far as we know. Trilobites, like giant woodlice, trundled over the ocean floor in great numbers and spectacular diversity. At the same time, our own most distant ancestor was a worm-like creature just a few centimetres long, called Pikaia, which snuffled through the ocean sediments, a quintessential bottom feeder.

At 2 metres in length, the Moroccan anomalocarid Aegirocassis benmoulae rivalled the largest eurypterids. It was so well preserved that scientists could examine its swimming flaps in unprecedented detail. Each body segment bore double flaps on each side, which appear to have had the same origins as the limbs of other arthropods. Like the swimming flaps, arthropod legs were originally double structures, each leg consisting of an upper prong and a lower prong. In some groups of arthropods, the upper leg branches became specialized as gills for breathing, while the lower ones were used for either swimming or walking. Insects now retain only the lower ‘walking’ part of that original arthropod double limb since they no longer need gills, although many crustaceans still sport the original double-pronged (biramous) limbs.

Arthropods evolved in the ocean, early in – or perhaps just before – the Cambrian period, 541 to 485 million years ago. Due to their tough exoskeletons and versatile legs, they soon rose to dominance. We’ll explore more of the early arthropod story in Chapter 2. For now, the main point to take from this is that the earliest ancestors of insects must therefore also have been marine creatures, although no fossil of such an aquatic ‘dawn insect’ has ever been found, so we have no idea what these creatures might have actually looked like. However, as we’ll discover in Chapter 2, we can now make some inspired guesses, fuelled by the unexpected discovery of some bizarre living fossils* as recently as 1979.

The defining arthropod features helped this phylum achieve its long-lasting success, but insects evolved their own unique take on the arthropod body plan, and this further assisted their march to world domination. More than 80 per cent of arthropods are insects, so they definitely got something right. The distinctive insect permutations on basic arthropod design also help in our quest to define what an insect is.

Insects differ from other arthropods in having three distinct body sections – a head (sensory in function, with eyes, mouthparts and one pair of antennae), a thorax (the engine room, with muscles to power legs and wings) and an abdomen (with all the other organs essential for life, including a fat body for food storage and the reproductive organs). Attached to the thorax are three pairs of legs and two pairs of wings, although both wings and legs may be further reduced in some insects.

But it’s never quite that simple. There are also two groups of true insects that have never evolved wings. You might even come across one of these wingless insects – silverfish – skittering around at the back of a kitchen cupboard. Silverfish belong to the order Zygentoma, while the similar-looking jumping bristletails are placed in a different order, Archaeognatha. Of the two orders, silverfish are the more closely related to the rest of the flying insects, but both groups give us a glimpse of what insects were like before they evolved wings but after they colonized the land.

Although we don’t know what the earliest aquatic ancestors of insects looked like, we do know that they must have invaded land at some point, perhaps early in the Ordovician period (485 to 444 million years ago). At that point they had to begin to adapt their marine arthropod heritage to cope with life above the waves. In pursuing this new life, their exoskeleton proved to be extremely handy. It gave them structural support in the much less dense medium of air. Their jointed legs, with a few modifications, were just as useful for walking on land as they were for walking on the seabed or swimming through the ocean. However, breathing in air presented more of a problem. Aquatic arthropods absorb oxygen dissolved in water through thin, permeable gills. Unfortunately, these structures don’t work in air – they just dry out and shrivel up. Insects had to come up with a new solution for breathing on land.
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A white-legged damselfly, Platycnemis pennipes, clearly shows the basic body plan of insects – a head with eyes and other sense organs, a thorax with attached wings and legs, and an abdomen.



They evolved a tracheal system. On each body segment there is a pair of small openings called spiracles. Over time, spiracles have been lost from some segments in certain kinds of insect, but the principle of the tracheal system remains the same. The spiracles open into large tubes called tracheae (singular: trachea), which branch into a network of ever finer tubes, finishing up as tiny tracheoles, small enough to penetrate between the insect’s cells. Oxygen simply diffuses down the air-filled tubes and out of the thin-walled tracheoles, close to where it is needed to fuel cellular activity. In smaller insects, the passive process of diffusion through the network of tubes is quick and efficient enough to provide ample oxygen, but becomes much slower as insects get larger. So, when they exert themselves, many bigger insects must pump their abdomens vigorously to drive air more quickly along the tracheae. Despite this, their dependence on the passive diffusion of oxygen along thin tubes imposes a limit on how big insects can grow.

This network of tubes branches throughout the body. Micro CT scans reveal the sheer complexity and extraordinary beauty of this system, but it can also be appreciated without a high-tech laboratory. The branching network of tubes is revealed when the hard exoskeleton is shed during moulting.*

The easiest cast skins in which to admire the insect tracheal system are those of dragonflies. When the aquatic larva is fully grown, it climbs a stem protruding above the water’s surface and emerges from the last larval skin as a winged adult. The cast skins, or exuviae (singular: exuvia), remain perched on pondside plants for a remarkably long time and are not hard to find. The tracheae are easily visible on such exuviae as tufts of white ‘hairs’.

The myriapods (centipedes and millipedes) also breathe through tracheae but the latest research suggests that insects and myriapods are not that closely related, so the two groups must have evolved their tracheal systems independently as a good solution for breathing in air. Evolution is never afraid to recycle a good idea.

With their distinctive features, insects are placed in one class of arthropods – the division below that of phylum. In the simplest classification, there are five arthropod classes: Chelicerata (spiders and scorpions, along with sea spiders and horseshoe crabs), Crustacea (crabs, shrimps, lobsters and the like), Myriapoda (centipedes and millipedes) and Trilobita (the extinct trilobites) as well as the insects. However, there are no firm rules among taxonomists governing what constitutes a class, so these groups are sometimes given the rank of subphylum and the arthropods as a whole are then divided up into many more ‘classes’. I won’t delve further into the reasons behind this. It’s the proverbial ‘can of annelids’ and I’ll leave you to follow up on that if you’re interested – or if you want to see grown taxonomists cry.

For our purposes, insects are either given their own class (nice and easy) or perhaps more accurately placed in a class called Hexapoda – six legs – for obvious reasons. However, Hexapoda is sometimes given the rank of a subphylum or a superclass – as I said, a can of worms. However, in either case the existence of the category Hexapoda creates a slight complication. I know I said that part of the definition of an insect is that it has six legs. And it is true that all insects have six legs – but, unfortunately, not all hexapods are insects.
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A flat-backed millipede, Polydesmus sp. Insects and millipedes were once considered close relatives, but this no longer seems to be the case, and their shared features, like the tracheal system, evolved independently.



Three obscure groups of ‘nearly insects’ – springtails (Collembola), two-pronged bristletails (Diplura) and coneheads (Protura) – complicate the simple picture. They are so nearly insects that they used to be classified as true insects, but scientists have recently changed their minds. We’ll meet some of these creatures again briefly in later chapters.

So, how are we doing in coming up with an accurate definition of an insect? We’ve discovered that an insect is an arthropod – but then so are spiders, millipedes and crabs. Insects have six legs, but then so do a few other groups of non-insects, like springtails or coneheads. Insects have two pairs of wings, but some insects, like silverfish, have no wings at all. Insects have their bodies divided into three parts – the head, thorax and abdomen – but then again, so do springtails. However, insects have all descended from one, albeit unknown, common ancestor in the far distant past. They form their own distinct bough on the tree of life, a single bough that has then gone on to branch many times more to create the diversity of insect-kind. This is the most accurate definition of an insect, although, as I said at the start, it’s far from a simple one.
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A glasswing butterfly, Greta oto. Butterflies and moths (Lepidoptera) are one of the most successful groups of insects.



To embrace their diversity, insects are divided up into twenty-seven orders, the next major rank below that of class. These represent the broad ‘types’ of insect, such as beetles (order Coleoptera), flies (Diptera), or butterflies and moths (Lepidoptera). There is also an ever-changing number of insect orders that have long been extinct; it’s almost certain that there are still others lurking in rocks we have yet to examine. Without living examples, the taxonomy of these extinct orders is, to say the least, fluid – and very complicated. I’ll introduce a few of the better-known ones at appropriate points in our story.

Even new orders of living insects occasionally turn up, the most recent in 2001, as we’ll see in Chapter 1. The whole family tree that we’ve been using to help us understand the place of insects in the world is built on shifting taxonomic sands. Classifying the life on our planet is something of a dark art, and it’s quite possible that the number of orders may change again with further research. For example, two separate orders, termites (Isoptera) and cockroaches (Blattodea), have recently been merged into one order, still called Blattodea.

So, now we know what an insect is and isn’t, and having a map to guide us through the long history of insects, we are ready to embark on an exploration of their extraordinary world. It’s generally agreed that there are several key turning points in the insect story, each of which propelled insects to ever greater success, and these form the backbone of the book. Firstly, insects benefitted from features, such as an exoskeleton and jointed legs, which they inherited from their ancient arthropod ancestors (Chapters 2 and 3). But they also came up with several unique evolutionary innovations. It would be hard to overstate the contribution to the insect success story made by the evolution of wings and by the later evolution of mechanisms to fold those wings out of harm’s way (Chapter 4). For one thing, wings made it possible for insects to migrate over vast distances and exploit the planet in ways not possible before (Chapter 5).

Insects were presented with new opportunities when flowering plants evolved. Insects and flowers became entangled in a series of complex partnerships, some so intimate and complex that they defy belief. Working together like this, both insects and flowering plants could achieve even greater ecological dominance (Chapter 6).

Insects are very, very good at making more insects. Based on how they do this, they can be divided into two broad groups – those in which the young stages are more or less miniature replicas of the adults (often referred to as incomplete metamorphosis or, more technically, as hemimetaboly), and those that have a distinct larval stage, like a grub or a caterpillar, which looks nothing like the adult form. This extreme difference necessitated the evolution of a pupal stage during which the larva transforms into the adult. This is called complete metamorphosis, or holometaboly if you want to impress friends. Some entomologists have suggested that the evolution of complete metamorphosis was the biggest single factor in the success of insects, greater even than the evolution of wings.7 Certainly, there are more holometabolous insects than any other kind of animal (Chapter 7).

Contributing to the success of future generations, many insects exhibit unexpectedly complex parental care (Chapter 8). But parental care led to another innovation that gave a few groups of insects the key to real ecological dominance – the evolution of social behaviour. A surprising number of insects live social lives (Chapter 9), but among two groups, the termites (Blattodea) and the ants, bees and wasps (Hymenoptera), sociality has developed to its highest degree. All termites and ants live in teeming colonies, but the majority of bees and wasps are solitary creatures or live in small colonies. These familiar insects, therefore, allow us to trace one route from solitary living to life in complex societies (Chapter 10). Between them, ants and termites have achieved the highest levels of social organization, living in societies sometimes millions strong. They build complex nests of such sophistication that they’ve even inspired human architects, and they shape the ecology of many habitats to a far greater degree than any other insects or any vertebrates (Chapter 11).

We live in a world dominated by insects. They underpin the ecology of most terrestrial and freshwater habitats. Ecologist and entomologist E. O. Wilson of Harvard University, in an address in 1987 to open a new invertebrate exhibition at the National Zoo in Washington DC, described them as ‘the little things that run the world’.8 Without insects, our world would quickly fall apart.

This is their world – and their story.



* Let me say at the outset that terms like ‘living fossil’ and ‘primitive’, while useful literary shorthand, can be misleading. There are no ‘living’ fossils. Both they and creatures referred to as primitive exist in the present day and so have been evolving for as long as the rest of us. Some creatures have, however, retained features that are also present in ancient fossils. I’ll try and make contexts clear when I inevitably fall into literary shorthand.

* The tracheal system evolved as indentations of the insect’s outer layer that grew ever deeper to form long tubes that remained connected to the outside. This means that the tubes are lined by the same chitinous exoskeleton that covers the outside of an insect’s body. This, in turn, means that the linings of this whole complex network must be shed at every moult. The tracheoles, which may be as small as one thousandth or one ten thousandth of a millimetre in diameter, are not derived from the outer cell layer (as the tracheae are). So their linings are not shed at each moult.
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A caterpillar of the Chinese oak silk moth, Antheraea pernyi.
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A roost of four-spotted chaser dragonflies, Libellula quadrimaculata, warmed by the first rays of the sun.





1

Teeming Hordes

The extraordinary 
 diversity and abundance 
 of insects

The total number of species actually named and catalogued 
 is just over one million. Most of these are insects. 
 Indeed, to a good approximation, 
 all species are insects!

Robert May, Baron May of Oxford1



Robert May, physicist and mathematician-turned-ecologist, wrote the extraordinary words cited on the previous page in 1986. Since then, legions of taxonomists have added considerably to the number of animal species described. Today we have catalogued around one-and-half-million species, of which two-thirds are insects,2 so after nearly four decades of intensive research, this startling fact hasn’t changed. Most animals on ‘our’ planet are insects. In my 1996 TV series Alien Empire, and in the title of this book, I’m having fun with the idea that there are creatures sharing the planet that are so different from us in every way that they seem like aliens. But the truth is that it’s we vertebrates that are the aliens. The standard kit of parts for an Earthling is six legs and an exoskeleton.

Insects, along with crustaceans, spiders, scorpions, millipedes, centipedes and various other less well-known beasts, are arthropods. Throughout their history arthropods have been remarkably successful both in variety of species and numbers of individuals. There are around 40,000 species of spiders and 67,000 species of crustaceans currently known to science. Yet, although there are doubtless large numbers of these creatures still to be discovered, both groups are insignificant compared to the number of insects inhabiting Planet Hexapod – by far the most successful of all the arthropods.

EXTREME INSECTS

One facet of their ascendency is that insects have occupied every corner of their planet, at least on dry land and in fresh water, if not always in teeming hordes. Only one species that we know of, a wingless midge, Belgica antarctica, is native to the Antarctic continent, although a second species, Parochlus steinenii, which has retained the power of flight, survives on the South Shetland Islands, off the northern tip of the Antarctic peninsula.3 In contrast, all the other continents abound in an amazing variety of insects. One reason for this diversity is that insects can live in such a wide range of habitats – in every habitable spot of land and in quite a few that seem, to us at least, totally uninhabitable. It’s these latter ‘extreme insects’, living life on the edge, that demonstrate the extraordinary adaptability of insect-kind.

That little midge, braving life in the Antarctic, possesses an endurance beyond belief. Its larvae spend most of the year encased in ice and when they finally get a reprieve for a couple of months, during what passes for summer down there, they must face desiccating winds and salt spray, all under a witheringly intense sun. Larvae may freeze and thaw up to 140 times each year and it takes them two years to feed for long enough to turn into adult midges. To survive being frozen solid, these long-suffering midges must also lose 70 per cent of their body’s water and enter a state of suspended animation.4 That’s all for a brief seven-day life as an adult. Still, it’s a living.
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A violin beetle, Mormolyce phyllodes, from southeast Asia. Insects exist in a bewildering diversity of shapes.



With such adaptability to extreme conditions, it’s surprising that insects haven’t conquered the largest living space on the planet, the open ocean. It can’t be the physical problems of living in salt water – we’ll see shortly that insects thrive in environments that are a lot tougher than seawater. On top of that, the far distant ancestor of insects was a marine creature.

One frequently cited reason for the absence of insects from the ocean is that crustaceans got there first. They diversified before insects evolved and the ocean world has remained relatively stable since that time; so, when insects began to diversify, crustaceans were just too entrenched to dislodge. Crustaceans are now as ubiquitous in the ocean as insects are on land. However, a few insects are perfectly at home on the open ocean, far more so than we humans, as I discovered while trying to find and film these marine insects in the rolling swell off Hawaii’s Big Island.

Ocean striders or sea skaters, Halobates spp., are relatives of the more familiar pond skaters that skip over the surface film of ponds and slow-moving rivers right around the world. However, tiny, silvery ocean striders ride out storms and hurricanes on the surfaces of tropical oceans worldwide. We could only find these half-centimetre-long creatures in the vastness of the ocean by trailing a neuston net behind our boat. Such nets are designed to collect organisms in the top few centimetres of water, including those floating on top. Once we had collected some striders, it was time to transfer to a much smaller boat, from which we could reach the ocean’s surface with a special probe lens that allowed us to see these frail-looking insects in their endless ocean home.

Lying over the gunwales with the tip of the lens perilously close to corrosive salt water, I released our small collection of Halobates. As I did so, I felt for the cameraman. I’ve worked with Kevin Flay for more than thirty years, filming in all kinds of situations, all over the world, so I knew he was not a great sailor. Within a few minutes of staring down the distorting view of the probe lens, which magnified every bit of movement in the swell, he was violently sick. Refusing to be put off by such distractions, he continued to work, with frequent pauses to feed the fish, until we had completed the sequence of an insect that few have even heard of, let alone seen.

Playing back the footage, I found it hard to believe that these tiny creatures, skittering over the ocean surface like sparkling water droplets, could ever survive out here amid mountainous waves and wind-whipped foam. The key to this amazing seaworthiness, allowing them to ply the high seas with impunity, has only recently been discovered. It’s that silvery coat, made up of closely packed, specialized hairs of several different types. The most numerous are a mere one five-hundredth of a millimetre long but mushroom-shaped, covering the whole body in a dense layer. These water-repellent hairs make ocean striders so completely unwettable that the familiar expression regarding ducks would be far more appropriately phrased as ‘like water off an ocean strider’s back’.

In addition, this coat serves as an emergency scuba kit. Ocean striders breathe air but if they are submerged, the hairs trap a layer of air that allows the insect to breathe underwater. Should their submergence be prolonged, they use up their oxygen supply, but there’s still no need to panic. The hairs hold the bubble so tightly that it can’t shrink. Instead, the pressure inside the bubble drops as the insect uses up oxygen, which forces more oxygen to diffuse into the bubble from the ocean, refilling the scuba tanks. The trapped bubble creates a physical or ‘plastron’ gill,5 allowing ocean striders to cope with whatever the tropical seas throw at them.

However, this neat trick also suggests another possible reason for the paucity of insects in the open ocean. The swarming hordes of small crustaceans that live in the surface waters of the ocean make an epic migration every day, descending into the dark depths during the daylight hours, and only returning to the surface to feed when night falls. Taking into account the tiny size of these crustaceans and their extraordinary numbers, this daily vertical trek is the largest migration on the planet and is driven by an abundance of ocean predators. The crustaceans must hide in the deep, dark water during the day to avoid falling prey to the hungry mouths of countless fish and other predators that feed close to the surface. However, under cover of darkness, they can feed in the richer surface layers in relative safety.

To compete with crustaceans in the marine world, insects too would need to avoid predation by joining this migration. In freshwater environments, plenty of insects live beneath the surface, where they use plastron gills or more conventional gills with permeable surfaces to extract oxygen from the water. But all these structures connect to the network of tubes (tracheae) that transport oxygen throughout insect bodies. Calculations suggest that a plastron gill would collapse at depths of more than 30 metres, where the pressure would buckle the supporting hairs. Deeper still, beyond a hundred metres, the tracheal system itself would be so compressed that it could no longer function.6

So, in the open ocean, an insect’s options are limited to the surface film – in part due to its physiological limitations and in part because no other marine invertebrate lives full-time on the surface film, so it’s the one oceanic niche that remained free to colonize. They are not entirely safe from predators here, but Halobates makes its life on the ocean waves work because it is so tiny, with extremely long legs. Combined with super-fast reactions, its legs allow it to spring from the water’s surface almost instantaneously if it senses any threat.7 Even so, there are only five species of Halobates striding over the planet’s open oceans, although around forty other species live on the sea surface close to shore, where they are joined by three species of Asclepios, their close relatives.8 However, they are not the only insects to have recolonized the world in which their ancestors originally evolved.

They are joined by three or four species of tiny flightless midge, Pontomyia spp. But it is highly likely that there are more species of these midges out there. Finding a one-and-a-half-millimetre-long fly on the vast ocean surface is far from easy, especially since a ripe old age for an adult Pontomyia midge is just three hours and most of the midges live for only one or two hours. In this very limited window of opportunity, the male midge must use his shrivelled wings to row over the surface in search of a wingless and legless female.9 It seems like an extremely precarious lifestyle, but the midges cope pretty well. Occasionally, they reach high enough densities that they become easy to spot as an orange scum on the water’s surface; such concentrations must make finding a mate in less than three hours a whole lot easier.10

Despite the assumed limitations imposed by their structure and physiology, some insects have even invaded the deep ocean, although not without help. Around the world seals and sea lions are plagued by lice (Phthiraptera). These insects are more or less permanent residents in the fur of seals, so must endure deep dives when their hosts go fishing – those that specialize on elephant seals regularly face depths of nearly 2,000 metres.11 It seems that they have little option but to shut down bodily functions for the duration of the dive, although seal lice do exhibit a few differences from their landlubber kin that may help them survive prolonged submergence. They are covered in short, spiky scales that Howard Hinton, my professor during my years at the University of Bristol, suggested might work as a more robust version of a plastron gill, allowing them to breathe while underwater.12
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Frequent eruptions from Kilauea on Hawaii’s Big Island create extensive, barren lava fields on which lava crickets, Caconemobius sp., thrive.



However they do it, adult lice can cope with this extreme lifestyle, but eggs and nymphs are soon killed by immersion in seawater, so the lice also must tie their breeding cycle with that of their hosts. When they breed, seals and sea lions spend most of their time out of the water, which gives the lice an opportunity to produce their own offspring. Even in just this brief survey, it seems that there are quite a few insects that haven’t heard the widespread idea that there are no marine insects.

From one extreme to another. Gratefully back on the dry land of Hawaii’s Big Island, Kevin and I headed up the slopes of Kilauea, one of the most active volcanoes on the planet. By the simmering crater of Halemaumau, we met with Frank Howarth of Honolulu’s Bishop Museum, an entomologist who has worked extensively on Hawaii’s curious insect fauna and who had agreed to help us find another extreme insect, the lava cricket, Caconemobius fori. These crickets weren’t described by science until 1978, although long before that they were well known to native Hawaiians, who called them ūhini nēnē pele,13 which means ‘chirping grasshopper of the lava’. This ordinary-looking cricket has chosen a place to live every bit as hostile as the open ocean sparkling far below the blackened lava slopes. Kilauea’s frequent outpourings have created a landscape streaked by black rivers of lava that often cool in exotic swirls and cascades, like water frozen in mid-flow, and it’s this magnificent if barren landscape that lava crickets like to call home.

More recently, a second species, C. anahulu, has been discovered inhabiting the lava flows of Hualālai Volcano in the Kona district of the Big Island. Often, lava crickets move in just a few months after an eruption cools, when molten rock is probably still flowing not far beneath the surface. The first living things to colonize this new land, they subsist on other, less hardcore insects that get blown on to the lava flows and perish. Once plants begin to soften the landscape, the crickets move out, to find another sterile flow of lava, although there’s still a lot that we don’t know about what makes a lava cricket happy. Studies carried out in 2021 showed that in some places the crickets were still living contentedly on flows that were fifty years old, while in others the crickets shunned recently cooled flows entirely.14 They might survive in one of the harshest environments on the planet, but they are clearly very fickle little creatures.

Were it not for a little local know-how, lava crickets would be as impossible to find on these flows as ocean striders or marine midges are in the vastness of the Pacific. Frank uses pitfall traps set among recently cooled blocks of lava, which he baits with ripe blue cheese. I never did ask him how he discovered the little crickets’ fondness for the pungent smell, but his traps catch many hundreds of lava crickets, which goes to show how successful these insects are at coping with such an extreme environment – and just how much they love cheese.

It’s hard to imagine more of a contrast between the baking rivers of lava on the Big Island and the frozen rivers of ice that descend from the Patagonian Ice Field, in the Andes of southern Chile and Argentina. A few years after chasing lava crickets and ocean striders in Hawaii, Kevin and I found ourselves walking around the cracked and creviced ice at the snout of the Perito Moreno Glacier in Argentina, one of the fastest-moving glaciers anywhere in the world. We were here to film the spectacular blocks of ice that calve off the face of the glacier, a huge ice cliff towering over the chilly waters of Lago Argentino. Not infrequently, a resounding crack echoed off the surrounding mountainsides as an enormous block of ice detached itself and tumbled into the water. Perched on a narrow beach close to the glacier face, we had to first grab the shot and then grab the kit, to retreat to higher ground as the wave created by the falling ice rushed up the beach.

Our guide here was an old friend, Daniel Gomez, who I first met when he lived in Bristol, in the UK, the city that I still call home. However, he’s a native son of Patagonia and an excellent and intrepid naturalist with a vast knowledge of South American wildlife, and he knew we’d be interested in another intriguing aspect of this glacier. He led us into a massive fracture in the blue-white ice and into an unearthly, if slightly frightening world. Pressing my face against the ice I could see deep into the glacier – and deep into the past. Fragments of plants hung suspended in the translucent ice, frozen in both space and time. They may have been incorporated into the glacier hundreds of years ago in the upper reaches of this river of ice and now, close to the snout, they would shortly be freed again in a crashing avalanche. All the time, the glacier creaked and groaned as it moved imperceptibly downslope. Surrounded by ice in a metre-wide fissure, I was only too keenly aware of the unstoppable power of the glacier. High above, condors were circling. It felt as though they were waiting for a sudden surge in the ice to provide them with a frozen meal.

Out on the surface of the glacier itself, small pools of meltwater collect, and these too look as if they have accumulated small fragments of twigs. However, these are no inanimate scraps of plants – they are insects, living on the open glacier, as desolate a world as the lava flows of Hawaii. They are the larvae of glacier stoneflies, Andiperla willinki,15 somewhat aggrandized by their local name ‘Patagonian Dragon’. If they are dragons, then they are ice dragons, which need the protection of their own brand of antifreeze to survive in their bitterly cold world.
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Snow fleas, Boreus hyemalis, are active during the winter when they’re happy crawling over ice and snow.



It seems that there’s no end to what insects can endure. As pools form on the top of the Perito Moreno Glacier, so they also form in shallow depressions on sun-baked rocks in Nigeria and Uganda. These pools are so shallow that they fill and dry several times during the wet season and disappear completely under the baking sun of the dry season. Yet this is the chosen home of another little midge, Polypedilum vanderplanki. I first learnt about this extreme insect during my undergraduate years in the early 1970s from Howard Hinton, its discoverer. Hinton called me into his office one morning to show me a jar of dry soil containing the shrivelled remains of something that might once have been an insect. They were, he pointed out with great excitement, the larvae of midges that he had collected in the late 1950s. He had discovered that they could dry out completely and enter suspended animation, only to revive when the pool fills again, a process called anhydrobiosis. The midges can dry and reanimate as many times as they need to, until they complete their larval growth.

The larvae can survive losing 95 per cent of the water in their bodies (far more even than the larvae of the Antarctic midge). In their dry state, Hinton immersed them in liquid nitrogen and boiling water, and they still revived when wetted, despite having endured temperatures of -270ºC and +102ºC.16 Almost all larvae revived after being stored dry for more than three years at room temperature and humidity, and many survived an even longer period when stored over calcium chloride, which absorbed any moisture from the atmosphere. Hinton died from cancer in 1977 at just sixty-four years of age, as I was beginning my PhD studies at Bristol. While sorting through his collections in the university Zoology Department, we came across some remaining jars of dry dust labelled as P. vanderplanki, from which we were able to revive a couple of larvae that had been stored for more than a decade and a half. Just add water for instant midge.

This particular midge was long thought to be the only creature capable of this astonishing trick, but recently several other species that are capable of anhydrobiosis have been discovered, in Namibia in southern Africa, and in Malawi.17 18 In 2022, yet another species turned up, this time in short-lived rock pools in the Drakensberg Mountains of South Africa.19 Such creatures demonstrate that a major factor behind the success of insects is their ability to live anywhere and everywhere. Even so, these extreme insects of lava flows and glaciers, open ocean and baking rock pools represent a vanishingly small fraction of insect-kind. In more benign places there are uncountable numbers of different insects – literally uncountable, or at least so far uncounted.


[image: ]


A question-mark roach, Therea olegrandjeani – and it’s a very good question as to how many kinds of insects there are in the world. We can only guess.
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Rainforest in Kubah National Park, Sarawak. Places like this reveal plenty of new species of insects every time someone looks.





HOW MANY INSECTS?

You might think that, as the third decade of the twenty-first century dawns, the question of how many different kinds of animal occupy the planet would have a definitive answer. Unfortunately not. In Robert May’s 1986 Nature paper, from which this chapter’s opening quote was taken, he begins by pointing out that we can only give the vaguest of answers – somewhere between 1.5 and 30 million. And here again, the situation hasn’t changed much.

We think we’ve done a pretty good job of enumerating our own vertebrate kind, particularly mammals and birds – both of them popular, conspicuous and therefore well-studied groups. Many would consider that our estimates of around 10,000 birds and 5,500 mammals are close to reality. But even here there may be surprises. Since nature pays scant regard to our compulsive desire to fit things into neat boxes, it’s no easy task to ascertain exactly what constitutes a species. Depending on what your criteria are, the true number for birds could be as high as 18,000 to 20,000 species, double the generally accepted figure.20 That’s for a group of animals studied by armies of amateur naturalists as well as professional biologists. It shows the daunting scale of the task facing entomologists – who, at the absolute minimum, are dealing with one hundred times as many species.

Since insects make up such a large proportion of animal species, the question of how many different kinds of animal occupy the planet is, to a large extent, answered by working out how many insects there are. Surprisingly, these apparently fundamental questions about life on Earth didn’t occupy the thoughts of many biologists until the 1980s. Before that, a few early naturalists had made a stab at an answer, based mostly on guesswork backed up by a lack of knowledge of the world at large.

Carl Linnaeus, the eighteenth-century Swedish botanist who invented the binomial system of naming species that we still use today,* was perhaps the first to attempt to catalogue the diversity of life. In his Species Plantarum (1753) he listed around 6,000 plant species and, taking a somewhat optimistic view of the thoroughness of his own work, reasoned that the global total was therefore likely to be no more than 10,000 species. The first to try such an estimate for insects was John Ray (1627–1705), one of the earliest in that great English tradition of parson-naturalists. In his book The Wisdom of God Manifested in the Works of the Creation, published in 1714 after his death, he suggested that Britain was home to 2,000 different kinds of insects, and so perhaps there might be 20,000 species worldwide.21 With the benefit of hindsight, it’s clear that these early guesses were well wide of the mark.

By using more carefully thought-out assumptions and extrapolations, later scientists came up with what they hoped were more accurate figures. William Kirby, continuing the parson-naturalist tradition, along with co-author William Spence, produced one of the first entomology textbooks in 1826.22 Kirby and Spence suggested that there might be up to 120,000 species of plant and fungus worldwide and since, in Britain at least, there were roughly six kinds of insects associated with each plant species, they reasoned that there must be 600,000 insect species crawling, hopping and flying over Planet Earth. The number was going up, but it sky-rocketed in the 1980s, when a Smithsonian scientist called Terry Erwin began work in the rainforests of Central America.

Erwin used a similar logic to that of Kirby and Spence, extrapolating from the number of plants species to reach a figure for insects, but he used intensive sampling techniques to add weight to his assumptions. He shrouded nineteen specimens of a common rainforest tree, Luehea seemannii, with clouds of insecticide, and gathered all the insects that fell from its branches in collecting funnels arrayed beneath each tree. He amassed around 1,000 beetle species from this one kind of tree alone. He made some informed guesses about how many of these beetles lived only on this one species of tree and how many were creatures that ranged over many kinds of rainforest tree. Since he reckoned that there are likely to be around 50,000 different tropical trees worldwide, he came up with the astounding figure of 8 million species of beetle globally. It is generally assumed that beetles are the richest order of insects (although see below) and make up about 40 per cent of all arthropods – so, making a few other assumptions about the richness of the rainforest canopy compared to the forest floor, Erwin came up with a figure of 30 million species of tropical arthropod,23 far higher than anyone had ever considered possible.

Because this audacious number was based on so many assumptions, some of which were no more than inspired guesswork, it soon came in for criticism.24 Refinements to Erwin’s figure based on detailed surveys carried out in the rich rainforests of New Guinea suggested somewhere between 2 and 7.4 million arthropods, most of which are insects.25 Many scientists today are comfortable with figures in the range of 5–10 million species, which, for me at least, is still an unimaginably large number.26 However, these figures are based on the widespread assumption that insect diversity is correlated with plant diversity. Rainforests are so rich in insects because such a large variety of plants live there – but this relationship between numbers of insects and diversity of plants may not always hold true.
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A Doris longwing butterfly, Heliconius doris, one of several thousand species of butterflies that live in the rainforests of South America.



The mangrove forests that line many tropical coasts are not botanically rich, and therefore have, until recently, been regarded as places of low insect diversity. However, that supposition has now been challenged. Surveys of mangrove swamps in Singapore revealed an unexpected total of 3,000 insect species. Throughout south-east Asia, mangroves proved to be similarly rich in insects. Furthermore, many of these insects were found in relatively small geographical areas, so mangroves in different areas have rich but different populations of insects.27 Taking all the south-east Asian mangroves together, these studies suggest that this habitat hides an unexpectedly high diversity of insects, which in turn suggests that estimates of insect numbers based on the assumption that the highest diversity is found in tropical rainforests may underestimate the true total. Moreover, mangroves are not the only source of hidden diversity.

HIDDEN DIVERSITY

As taxonomy moves from a reliance on physical features to identify different kinds of insect to maps of their genomes at a molecular level, it’s clear that we’ve substantially underestimated their diversity. A single species can turn out to comprise several different ones – and not just among obscure or little-studied groups of insects.

It’s always a special moment to encounter a wood white butterfly, Leptidea sinapis. It still flies in a few woodlands close to where I live, although – like many of our insects – it has declined significantly in the last few decades. Its characteristic slow flight makes it look like a scrap of paper wafted on the breeze, but the males are tougher than they look and can stay aloft for most of the day as they patrol glades and rides on the lookout for females. In 2001 this unobtrusive little butterfly created a bit of a stir among lepidopterists.

European butterflies are one of the most comprehensively studied groups of insects anywhere in the world, and British species in particular have had a long history of close scrutiny by both professional and amateur entomologists. Many kinds occurring in the British Isles were described as early as 1634, in a book called The Theatre of Insects, by Thomas Moffet,* and subsequent collectors scoured every bit of Britain in search of rare and desirable specimens. Yet in 2001, after nearly 400 years of intensive butterfly hunting, a new species turned up. Careful observation, later confirmed by molecular analyses, showed that wood whites in Ireland are a different, if almost identical species from those in southern England and Wales. It was originally thought that the Irish species was Real’s wood white, L. reali, which otherwise flies in southern France, Italy and Spain. But wood whites had yet another secret to reveal.

Further molecular studies uncovered a third species hidden under the umbrella of ‘wood white’ and it was this third species, understandably named the cryptic wood white, L. juvernica, which flew across Ireland. Well – most of Ireland. The wood whites flying over the Burren in County Clare are all the original species, L. sinapis. Yet as far as we know, no cryptic wood whites live in England or Wales, even though they are now known to occur widely across Europe.28 However, all three of these species are identical to the naked eye, so we probably don’t yet know the full picture. The importance of the wood white story to the question of how many insects there are is simply that this is just one case of a single species becoming three.

Even the most familiar insects sometimes turn out to be complexes of multiple cryptic species. You have to know where to look to find wood whites, but I can sit in my garden and see another species that has now become three. The white-tailed bumblebee, Bombus lucorum, is one of the most common bees in Europe, known for centuries, but it turns out that it is really three virtually identical species, B. lucorum itself, plus the northern bumblebee, B. magnus, and the cryptic bumblebee, B. cryptarum. Now we know what we are looking at, each of these species does exhibit differences in behaviour, for example in the flight times of the queens, and in habitat choice. The ecology of this group of species has been studied in most detail in western Scotland, where the cryptic bumblebee is the most abundant. In this area, it prefers uplands and cooler climates, whereas the white-tailed bumblebee favours lowland or urban habitats. The northern bumblebee is a heathland specialist, feeding on bell heather, of which there is certainly no shortage in this part of the world.29

This phenomenon, sometimes called the ‘biodiversity wildcard’, seems to be widespread, so we may have greatly underestimated the number of insect species, although there’s no consensus yet on the scale of this phenomenon. While some studies suggest that only 1 or 2 per cent of described species hide undiscovered cryptic species, others believe that numbers could be much higher.30 In one recent study, the authors assumed as many as six cryptic species of arthropod for every one distinguishable by morphology.31 That would make Terry Erwin’s figures a gross underestimation. It also shows that we have no clear idea of how wild the biodiversity wildcard really is.

Even non-cryptic insect species continue to be discovered, often in astounding numbers, especially where a wide range of habitats occurs close together. One such place is the eastern slope of the Andes. I once drove down from the Altiplano, the central plateau around 6,000 metres in elevation that runs between the even higher ranges of the Eastern and Western Cordilleras, to the lowland forests of Bolivia. The journey took me through a whole range of habitats in a remarkably short distance. Driving east, the route first crosses the Eastern Cordillera, where tough alpine plants form perfect domed cushions against the extreme conditions. It then heads down through brightly coloured fields of quinoa, painted in red and yellow and carved into impossibly steep slopes, and finally descends through woodland that imperceptibly turns into the rainforests of the Amazon Basin. In a similar transect in Peru, running for just 65 kilometres through forests at different elevations, scientists found 2,500 butterfly species and estimated that there could be another 500 species that they missed.32

This staggering figure represents 15 per cent of all known butterflies, but it’s very unlikely that this one strip of the eastern Andes, as rich as it is, is really home to such a large proportion of the world’s butterflies. Instead, this survey suggests that there are still an awful lot of butterflies out there that we haven’t yet found – and this, as I’ve pointed out, is one of the most studied and collected groups of insects.
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A membracid bug, Heteronotus sp., belongs to a family of bugs that flamboyantly illustrate the flexibility of insect design. In this species, the top of its thorax is shaped to look like an ant.



Far fewer people spend their time seeking out chalcids, tiny parasitic wasps that are only millimetres long. However, obscure groups like these highlight the task ahead in enumerating insects. In one study in Costa Rica, just six hours’ collecting yielded 790 species of these wasps. In Guanacaste, a famous and well-studied nature reserve in Costa Rica, another survey in 2014 found 186 new species of Apanteles, another kind of parasitic wasp from a different family (Braconidae). Before this, only 19 species of Apanteles had been described for the whole of Central America.33 This group of wasps is found right around the world, so imagine this same story multiplied many times over.
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Beetles come in a dazzling variety of shapes and colours. This little jewel is a weevil, Eupholus magnificus, from New Guinea.



You may well have seen one of these tiny wasps – or at least its handiwork. A. glomeratus (now renamed Cotesia glomerata) is commonly found in gardens and allotments in Europe and North America, where its larvae live and grow inside the bodies of the caterpillars of large and small white butterflies, Pieris brassicae and P. rapae. These caterpillars are only too familiar to vegetable gardeners as insatiable cabbage eaters, so gardeners should appreciate these tiny wasps. When the wasp larvae are fully grown, a dozen or more erupt from the caterpillar’s body in a manner reminiscent of that famous scene in Ridley Scott’s Alien. In fact, it was these tiny wasps that provided the writers of Alien with the inspiration for this seminal moment of science-fiction film history.

Because of their sci-fi life cycle, growing inside a living host only to kill it as they burst forth, these real-life aliens are more correctly termed parasitoids rather than parasites. Once on the outside, they spin a mass of silk within which they pupate and turn into adult wasps. In short order, these wasps set off in search of more caterpillars to serve as living larders for the next generation. The stricken caterpillars, anchored to a cabbage leaf by a shroud of yellowish silk, are often found by gardeners.

These various groups of parasitic wasps might represent another biodiversity wildcard. Parasitoids have to be finely tuned to both the life cycle of their host and to its physiology, so they don’t trigger any immune responses. Many are specialized to live inside just one or only a few species of host. In addition, wasps in some families are so small – like the Mymaridae or fairy flies – that they can parasitize the eggs of other insects. This form of egg parasitism has arisen eighteen times independently among the wasps.34 Thus an individual insect might have to run the gauntlet of parasitoids at every stage from egg to adult. If that’s not enough of a nightmare (as we’ll see in Chapter 10), some of the larval parasitoids, far from being safely hidden away inside their host’s body, themselves fall victim to their own even tinier parasitoids. They are the living embodiment of the lines penned by Jonathan Swift in 1733:

So, Nat’ralists observe, a Flea

Hath smaller Fleas that on him prey;

And these have smaller yet to bite ’em;

And so proceed ad infinitum.

About half of the twenty-seven insect orders have found various ways to escape egg parasites, for example by hiding their eggs or by diligently guarding them,35 and some parasitoids attack a broad range of species. Even so, for every free-living insect there are potentially several different kinds of associated parasitoid, dramatically increasing the diversity of insects on the planet.

Such are the uncertainties in our knowledge that it is still impossible to make more than an inspired guess as to the number of insect species alive today, but the realization that there are many potentially cryptic species, and that orders like the Hymenoptera and Lepidoptera are far more diverse than originally thought, is giving some scientists the confidence to push up estimates for the numbers of insects to as high as 20 million species, perhaps even more, slowly edging back towards Erwin’s audacious figure from the 1980s.36 For the sake of biological fairness, I should mention that insects are not the only group whose diversity we have probably grossly underestimated. There are also very large numbers of mites and nematode worms in the world, each group with plenty of both parasitic and free-living species. There could be several mites or nematodes living in or on every insect species, which would vastly inflate the numbers of these two groups. However, nematodes and mites are much less appealing than insects and therefore much less studied, so we are deep into guesswork again. It’s probably safest to round off these thoughts by recognizing that there are three mega-diverse groups of animals – mites, nematodes and insects – and time may one day tell us which is top of the league.37
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A small selection of moths from my moth-trap in an urban garden in the UK. Top row, l–r: the herald, Scoliopteryx libatrix, dusky thorn, Ennomos fuscantaria. 2nd row: orange swift, Hepialus sylvina, lunar spotted pinion, Cosmia pyralina. 3rd row: the gothic, Naenia typica, buff ermine, Spilarctia luteum. Bottom: elephant hawkmoth, Deilephila elpeno.



WINNERS AND LOSERS

Insect diversity is not equally distributed across all the insect orders. While we know of close on half a million different kinds of beetle,38 we’ve only ever found a few dozen kinds of the little-known heelwalkers (Mantophasmatodea) from Africa. Heelwalkers were not discovered until 2001,39 and the fact that a whole new order of insects was happily going about its business unknown to us until the start of the twenty-first century again illustrates how many surprises still await us as we try to come to terms with the diversity of insects. The heelwalkers were the first new insect order to be discovered for nearly a hundred years, since ice crawlers (Grylloblattodea) crept into our awareness in 1914. As their name suggests, ice crawlers are yet more insects at home in extreme conditions, in this case around glaciers in the mountains of North America, China, Siberia, Korea and Japan, although more than likely these inconspicuous insects will turn up in other high mountain areas if anyone bothers to look. Currently, only a few dozen species have been described.

These two orders are clearly related to each other, and they are now lumped together in a newly created order called Notoptera. Together, they number just over fifty species, but even notopterans are not bottom of the league. Zorapterans seem somewhat overglorified by their common name of angel insects. About 3 millimetres long, they hide away beneath bark and number only about forty species. In fact, the whole order Zoraptera consists of just one family and one genus, the antithesis of the hyper-diverse insect orders.

The vast bulk of the exceptional diversity of insects resides in just a few orders. The big four are the flies (Diptera), the butterflies and moths (Lepidoptera), the ants, bees and wasps (Hymenoptera) and the beetles (Coleoptera). All four of these orders comprise insects that exhibit larval, pupal and adult stages. We’ll see in the next chapter that this kind of life cycle – complete metamorphosis – was one of the evolutionary innovations that gave insects a real edge. However, there is one other mega-diverse order, the true bugs (Hemiptera), which is the fifth largest order of insects. Although exhibiting only incomplete metamorphosis, with no pupal stage, the true bugs have clearly come up with their own strategies for success.

There is a tale, probably apocryphal, that the eminent evolutionary biologist John (J. B. S.) Haldane, seated next to the Archbishop of Canterbury at a Cambridge college dinner, was asked by the eminent theologian what his studies of the natural world had taught him about the Creator. Haldane’s reply was that He had ‘an inordinate fondness for beetles’. This sentiment was later shared by the Coleopterists Society. This august society, which may of course have a slightly biased view, tells us that ‘we live in an age of beetles’.40

To be fair, it has long been a central tenet of entomology that beetles are the most diverse order of insects, indeed the most diverse group of organisms on Earth.41 This was one of the assumptions made by Terry Erwin as he extrapolated from the beetles he collected in Panama a total number of arthropods in the tropics. However, when scientists fogged the forest canopy in Brunei, on the island of Borneo, as Erwin had done in Central America, they found more hymenopterans than beetles. Likewise, in Britain there are more species of both Hymenoptera and Diptera than of beetles. One study has suggested that for every beetle, there may be two or three associated parasitic wasps, which would push the Hymenoptera right to the top of the league.42

Flies are not far behind, however. Gall flies (Cecidomyiidae) are tiny flies that induce plants to make often elaborate structures (galls*) to house and feed their larvae. Genetic studies in Canada suggest that there may be 16,000 species living there and possibly 2 million species worldwide – in just one family among the 188 described fly families.43 In 2015, thirty new species of fly belonging to a different family (Phoridae) were discovered living within the city boundary of Los Angeles. There are obviously a lot of flies left for us to find, even in the heart of our biggest cities.44

The jury is still out on which order of insects holds the most species – we still don’t know whether God’s inordinate fondness was for beetles or for flies, wasps or moths (or even for mites or nematodes). If we still can’t give a definitive answer to the question of how many kinds of insect there are, we do know that the number is still rising, and it wouldn’t be at all surprising to see future estimates rise even higher than the largest current assumptions.

This richness has arisen not, as might be expected, by insects evolving species more quickly than other groups. Indeed, their rates of speciation are generally equivalent to those of many other animal groups. Rather, insects seem less prone to extinction than other groups of animals, which means that, over time, their diversity has just grown and grown. For example, for reasons not fully understood, a remarkable number of insects survived the famous extinction event at the end of the Cretaceous period (the K-Pg extinction),* which brought about the end of the dinosaurs.45 That’s not to say that some insect groups in some cases haven’t experienced increased rates of speciation, but in searching for factors that explain the diversity of insects, we need to assess them on the basis of how they confer resistance to extinction rather than how they promote speciation,46 and one such factor is size.

BIGGEST AND SMALLEST

Insects are small, which means that large numbers of both species and individuals can be crammed into a limited space. A single acacia tree in Africa can’t feed even a single giraffe, but it’s more than enough for a whole community of insects. On one such tree in Uganda, thirty-seven different sorts of insects were making a good living. Large local populations make it far less likely that an insect species will become extinct.

Small size also opens more opportunities for insects. I recently filmed a colony of acorn ants, Temnothorax sp., which – as their name suggests – house their whole colony inside a single acorn. On a broader scale, a single acre of soil might contain 3–25 million individual wireworms (the larvae of click beetles). As we’ll see in later chapters, locusts swarm in their billions, while lake flies (Chironomidae) rising over Lake Victoria in Africa form dense, towering clouds that look like smoke and are visible from miles away.

Melbourne Museum’s splendid ‘Bugs Alive’ exhibit tells its visitors that across the planet there could be 1 quintillion (that’s one with eighteen zeros – or 10 18) insects alive at any one moment. Others have suggested 10 quintillion, but both figures can only be wild guesses, and both are figures that are so large as to be impossible to imagine. Trying to give this some context, this works out to be 150 million insects for every one of us lucky human beings. According to the New York Times, that translates to 300 pounds of insects for each and every one of us. These figures are even more speculative than those for numbers of species, but at least they serve to hammer home how successful insects are – as well as why they should become an integral part of our diet.

If size has been a key part of insects’ success, how small can they get? For once we do have an answer to that question – 139 microns, or just over one-tenth of a millimetre. This is the adult size of the world’s smallest insect, the males of a mymarid wasp, Dicopomorpha echmepterygis, whose name printed here is about two hundred times longer than the insect it describes. These male wasps are smaller than some species of Paramecium, which are single-celled protozoans. It’s possible that an even smaller species exists among the vast number of undescribed species of parasitic wasps, but it probably won’t break the record by much. Studies on these micro-insects show that they are approaching the lower size limits of the insect body plan, and they have already had to come up with some innovative workarounds to cope with being so tiny.47

The basic insect body plan, with its regional specialization, has to be abandoned in the very smallest insects. D. echmepterygis has only two visible abdominal segments, reduced from the eleven of most insects. A tiny feather-winged beetle, Mikado sp. (Ptiliidae), has such a small head that it has had to shift its brain into its thorax.48 Additionally, due to their tiny size micro-insects can fit far fewer neurons into their brains, perhaps just a few thousand in the smallest examples, which creates problems for controlling complex behaviour. Many feather-wing beetles are so small that they’ve had to make other significant sacrifices. A male has room for only one testis and a female just one ovary, and in some cases female ptiliids can lay only one egg in each cycle. There is also a size limit below which conventional insect eyes won’t work. The tiny males of D. echmepterygis, for example, are blind. However, the hallmark of the success of insects is their adaptability, and several insect groups have come up with a new eye design to solve that problem.49

A major limit to miniaturization is that an insect needs to be large enough to lay an egg containing sufficient yolk to nourish the growing embryo. However, even with such a seemingly unbreakable barrier, insects have found a way to circumvent the problem – just use someone else’s yolk. This is exactly what the tiniest parasitic wasps do. They can afford to lay microscopic eggs with no yolk at all because their eggs are laid directly into the eggs of much larger insects. We’ve already seen how successful a strategy that is.

A few insects grow to much larger sizes, dwarfing these tiny species. Such a large variation in size is another factor promoting insect diversity, by opening up a wider variety of different habitats and lifestyles. However, it’s unlikely that size range is one of the main reasons for the richness of insects. The size range of insects covers only three orders of magnitude, small compared to fish, for example, whose size range covers eight orders of magnitude.

Just as the insect body plan imposes limits on miniaturization, so it also prevents insects from growing to the monster sizes depicted in some sci-fi films. The problem lies in the way they are built and in the way they breathe. Insects inherited an exoskeleton from their arthropod ancestors – a tough suit of armour protecting all their soft tissues on the inside. But to grow, an insect must shed its exoskeleton; then, while the new one is still soft, it must pump up its body with air or water, so that when this new cuticle hardens, it’s a size bigger, creating space for the insect to grow into.
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The giant scarab beetles such as this Eupatorus birmanicus from Asia are among the biggest of all insects.



If an insect was too big, it would be hard for it to support itself after discarding its old exoskeleton before its new one hardened. It could end up as a shapeless blob. However, this constraint only applies in air. Water is denser than air and therefore provides more support; so crustaceans, which also must moult to grow, can reach enormous sizes. The Japanese spider crab, Macrocheira kaempferi, has a leg span approaching 4 metres, making it the world’s largest crab, forty times the size of the largest insects (giant wētās from New Zealand, about which more in a moment). However, the limitations of moulting on dry land can’t be the whole story.

Christmas Island in the Indian Ocean is a crab-lover’s paradise. Once a year the forest floor comes alive with land crabs, Gecarcoidea natalis, tens of millions of them, a great red army all marching downslope to the ocean where they will spawn. Their migration is one of the great natural spectacles – it has appeared in so many natural history films that I’ve lost count. It’s so famous that you can buy soft-toy versions of the Christmas Island red crab bearing greetings from the island, one of which is perched on the corner of my desk as I write this. There is, however, another kind of land crab on Christmas Island that to me is even more impressive. It lurks under cover in the forests but ventures into town at night to raid dustbins. And it is huge. At 4 kilograms in weight and with a leg span of 1 metre, robber crabs, or coconut crabs, Birgus latro, are the biggest terrestrial invertebrates in the world. They are more than fifty times heavier than the heaviest recorded insect, and with their massively powerful claws, they demand some serious respect. However, like their insect relatives, these crabs must moult to grow. So simply having an exoskeleton can’t be the sole reason for a limit on the size of insects.

One big difference between crustaceans and insects is in the way they supply their tissues with oxygen. Aquatic crabs breathe using gills and land crabs have adapted this system to work on dry land by enclosing the gills in a damp chamber that works a little like our lungs. In addition, crabs have an internal circulatory system to carry oxygen to their tissues. Insects, as we’ve seen, have adopted an entirely different approach. They breathe through a series of holes or spiracles, no more than two on each segment, which connect to an elaborate network of tubes. These tubes (tracheae) branch throughout the insect’s body, getting finer and finer until they end as microscopic tracheoles close to the cells they serve. In tissues such as flight muscles, which have a huge demand for oxygen, the tracheoles actually penetrate individual cells, but in both these cases the insect depends on oxygen simply diffusing along the tubes to reach the cells – and herein lies the problem.

If an insect doubles in size, the rate of diffusion along its larger tracheae also doubles, but the oxygen demand of the insect’s tissues increases by four times. This means that, as insects get larger, their tracheal system can’t keep up – and the insect body plan based on an exoskeleton doesn’t help. As insects get larger, the exoskeleton of their legs must get thicker to support their increased weight. However, this narrows the space through which the tracheae need to pass to supply the leg muscles with oxygen, so making it even harder for insects to evolve into larger sizes.50

Today, the heaviest insect is a flightless cricket from New Zealand, a giant wētā, Deinacrida heteracantha, weighing 71 grams. But even this mega-bug is an exception. The record is held by a female heavy with an exceptionally large number of eggs, and most giant wētās are a lot smaller. There are five kinds of giant beetle that are generally accepted as the biggest insects, at least by bulk: the long-horned beetle, Titanus giganteus (167 mm), the elephant beetles Megasoma elephas (137 mm) and M. actaeon (135 mm), and the goliath beetles Goliathus goliatus and G. regius (110 mm). But there are other ways of measuring size.

The longest insect is, unsurprisingly, a stick insect – Chan’s mega-stick, Phobaeticus chani, from Borneo. The body of a big female (not including its long legs) can reach nearly 40 centimetres.51 This just beats a related stick insect from Borneo, the previous record holder, P. kirbyi. In 2006 another giant stick insect was discovered, this time in the rainforests of Queensland in Australia. Only a few female gargantuan stick insects, Ctenomorpha gargantua, have ever been found in the wild. They are much bigger than the males and the first one found, named Lady Gaga, was sent to Melbourne to start a captive breeding colony. The gargantuan stick insect is currently the third largest stick insect, although there are rumours that someone came across a really huge individual, photographed it and re-released it; admirable behaviour but precluding this species from perhaps claiming the world record. However, these mega-insects are dwarfed by some of the giants from the past.

Around 300 million years ago, a monstrous beast called Meganeura monyi roamed the skies. It probably resembled a modern dragonfly, although only distantly related, but had a wingspan of about 70 centimetres and body length of 30 centimetres. Assuming similar proportions to a modern dragonfly, it must have weighed more than 200 grams, nearly three times more than the heaviest insect known today.52 This makes it the heaviest insect ever, at least as far as we know, and it flew rather than crawled like today’s giant wētās, which demands a lot more oxygen. Nor was it the only ancient giant.

From the late Carboniferous period and on through the following Permian period, insect evolution produced some real monsters. Most impressive were the Meganisoptera, the group to which M. monyi belonged. Most fossils of these creatures, now commonly called griffinflies, are fragmentary wings, but more complete fossils of one species, Meganeurites gracilipes, have been found and show it to have had large eyes with acute vision and spiny front legs. These are features also found in modern hawker dragonflies, making it likely that griffinflies were active hunters, grabbing prey in flight much like modern dragonflies.53 Another extinct order of flying insects, the Palaeodictyoptera, reached wingspans of more than 40 centimetres, as did the mayflies of the time. An entomologist exploring the swamp forests of the Carboniferous period would have needed a very large collecting net.

During this time, other arthropods produced even more impressive giants. Without the constraints imposed by aerodynamics, a millipede called Arthropleura armata reached more than 2 metres in length. In 2021, a chance rockfall along the coast of Northumberland in north-eastern England revealed the largest specimen of Athropleura yet discovered. This monster was half a metre wide and more than two and a half metres long, making it the largest arthropod in Earth’s history – at least that we know of.54 Giant arachnids also stalked the great forests of the coal swamps. The likes of these giant terrestrial arthropods have never been seen on Earth since – and many might be very grateful for that. The reason is that the late Carboniferous period presented them with a unique opportunity. Extreme gigantism during this period was possible because atmospheric concentrations of oxygen reached 35 per cent, compared to just 20 per cent today. Such high levels of oxygen loosen the constraints on insect body size by making insect tracheal systems much more efficient. Oxygen could diffuse further and faster down longer tubes, allowing much larger species to evolve.55

There’s evidence from living insects that oxygen concentration really can affect the size of arthropods. The life cycle of fruit flies is so quick that they can squeeze many generations into a short time, making them a favourite laboratory animal for studying evolutionary processes. Colonies reared in high oxygen levels do produce larger individuals over time, as long as the temperature is also high. In the wild, too, there is a correlation between the maximum size reached by aquatic amphipod crustaceans and the oxygen content of the water in which they are living. Such studies suggest that higher oxygen concentrations really do allow arthropods to get bigger.56

The giant meganeurids probably averaged around 150 grams in weight and, even in their high oxygen world, insects of this size faced problems. In the late Carboniferous and Permian periods, the climate was much warmer than it is today. In such a hothouse world, the energy needed to power these heavy hunters in pursuit of prey would soon cause them to overheat. None of the ways in which flying insects cool themselves today would have been sufficient to prevent burnout, although calculations show that if the atmosphere was also denser than today’s, meganeurids could balance their heat budgets. The existence of these giant flying insects suggests that at the time they flew, the atmospheric pressure must have been about one and half times that of today.57

Times have changed. Today’s thinner atmosphere with its lower oxygen concentration can’t support these real giants. Given time, the ever-adaptable insects may have come up with a way around this, but something else happened that doomed giant flying insects. Vertebrates conquered the air. Vertebrates evolved flight on at least four separate occasions, beginning with the pterosaurs in the late Triassic period, around 220 million years ago. They were followed by birds, then by bats. Recently, some curious little dinosaurs have turned up in China that had winged hands, not unlike bats. There is still much debate about these creatures but it seems that dinosaurs may have evolved the ability to fly twice, one line using feathers to create a wing surface (birds) and another using bat-like membranous wings.58 All of these creatures no doubt relished large flying insects.

The vertebrate endoskeleton, an internal scaffolding of bone, is more suited to large body sizes, as is the vertebrate lung system, so flying vertebrates easily reached sizes greatly exceeding those of flying insects. One pterosaur, with a wingspan of more than 10 metres, grew to the size of a light aircraft. Birds later achieved similar scales. Pelagornis sandersi, described as a seagull on steroids, had a wingspan of more than 7 metres. Even today, birds reach sizes far greater than any of the giant insects of the past, and all the flying vertebrates had no trouble evolving to sizes that made giant flying insects nothing more than bite-sized snacks. The mega-insects didn’t stand a chance.

RARE – AND GETTING RARER

Predation still plays a role in cutting insects down to size. Wētās, of which there are a whole variety in New Zealand, can only grow so big because, until humans arrived, their home was free of predatory mammals.59 Many of the largest insects today are confined to similar isolated and predator-free islands. Polposipus herculeanus, a giant darkling beetle (Tenebrionidae), is only found on Frégate Island in the Seychelles. The Lord Howe Island stick insect, Dryococelus australis, at 20 centimetres in length, is large enough to have earned the name tree lobster. It thrived in its only home, a tiny volcanic speck 600 kilometres due east of Port Macquarie in New South Wales.
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Despite their evolutionary success, many insects are currently suffering catastrophic declines, caused by pesticides and habitat loss among other reasons. Few flower-rich meadows, like this one on the machair of the Isle of Lewis, in the Outer Hebrides, still remain.



Until 1918, Lord Howe Island was also free from mammalian predators. Unfortunately, in this year a British ship ran aground on the island. Inevitably, it had plenty of stowaways in the shape of black rats, which soon escaped to shore. Two years later, they had eaten their way through the entire world population of Lord Howe Island Stick Insects – and, in 1920, the tree lobster was declared extinct. Then, in 2001, two intrepid scientists made an exciting discovery. Intrigued by tales from climbers of hand-sized dead insects littering the rocks at the base of Ball’s Pyramid, a 600-metre remnant volcano close to Lord Howe Island, they explored the place at night and found a small population of living Lord Howe Island stick insects.

We saw earlier that the potentially enormous populations of small insects give them some degree of protection from extinction, but giant insects on tiny islands are the exact opposite. They are much more vulnerable to extinction. The Lord Howe Island stick insect is sometimes cited as the world’s rarest insect and if black rats ever make it to Ball’s Pyramid it will probably be gone for good this time. Other modern giants, though, have already gone the way of the ancient griffinflies.

The giant earwig, Labidura herculeana, a creature that reached 8 centimetres in length, was last seen in 1967. It lived only on St Helena, one of the British Overseas Territories and an island so remote that the British chose it as a place to keep Napoleon Bonaparte out of harm’s way after his defeat at Waterloo. It sits in the Atlantic Ocean, a tiny pinprick on the map nearly 2,000 kilometres off the coast of southern Africa and it’s not an easy place to get to, or at least it wasn’t until recently. In 2016, a somewhat precarious-looking airport was opened to receive flights from Africa, but when I travelled there in the early 1990s, it required a flight with the RAF to Ascension Island some distance to the north-west, followed by a sea journey of 1,300 kilometres on a Royal Mail Ship, the RMS St Helena.

The strangest thing about finally arriving on this remote island is how little out of place the main town, Jamestown, would seem if it were relocated to the coast of Dorset or Devon. But beyond this home from home, the island, surrounded by dramatic cliffs, rises to spectacular heights cut by deep valleys. When it was discovered by the Portuguese in 1502, it was a verdant place, covered in trees, many of which were found nowhere else on Earth. Giant earwigs were thought to have lived in forests of endemic gumwood trees. In 1995, some dried remains of this earwig were found in an area that suggested that the species also frequented the vast seabird colonies that once covered large areas of the island before they too were wiped out.

Much of the native vegetation has also now been cleared, either by human hands or by the mouths of introduced grazing mammals, so there weren’t many places left for the earwig to live. Living specimens were found under boulders at Horse Point Plain in 1965 and there were other reports from 1967. I had been asked by concerned entomologists to spend some time looking for this charismatic earwig in the places where it was last seen alive, and I was happy to create some space in my filming schedule to go on a giant earwig hunt. An expedition mounted by London Zoo in 1988 had failed to find living earwigs and, sadly, I too failed. Subsequent searches in 2005 also proved fruitless, and in 2014 the giant earwig was officially declared extinct.

Since they evolved around 480 million years ago, insects have gradually increased in diversity to the astounding levels that we have encountered in this chapter.
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