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Preface

THE VAST MAJORITY of people consider it a high priority to minimize the extent of their interaction with the insect world. Homes are sealed, sprayed, and kept meticulously clean so as to reduce the probability that they will be invaded by insects; similarly, bodies are bathed, hair is shampooed, and clothing regularly washed in order to eliminate any unwanted contact with six-legged life forms. In the overwhelmingly vast majority of daily conversations, insects are conspicuous in their absence; those rare conversations in which insects feature prominently are generally carried out in guarded tones, often with a touch of embarrassment. After all, no one likes to admit, even to close personal friends, to being stung, bitten, infested, invaded, or otherwise bested by the loathsome insects that manage to get around the safeguards.

It is indeed a laudable goal to try to distance oneself from the insect world, but it is, alas, an impossible one. There is no other life form on the planet whose lives are as inextricably bound up with our own as are members of the class Insecta. For one thing, they intrude by force of sheer number. Of the world’s species, almost 80% of them are insects—in other words, four out of every five creatures have six legs at some point during their lifetime. Over 800,000 species of insects are known to science, and there’s really no way of telling how many there are altogether; estimates taking into account species yet undescribed and awaiting discovery range from 2 million to upwards of 30 million. As individuals, they collectively outweigh every other form of life on the planet as well. The total number of individual insects on earth at any given moment has been estimated at 10 quintillion (or 10,000,000,000,000,000,000), a number that’s not that unreasonable considering that some termite colonies house over a million individuals and locust swarms can contain up to a billion individuals.

In view of these enormous numbers, it’s not altogether surprising that insects can be found just about everywhere (and certainly everywhere that humans have staked a claim). There are insects that live in Antarctica, in cracks in the snow, and in hot springs in Yellowstone, in water where temperatures approach the boiling point. Insects live in horse intestines, where the acidity levels, even in a horse without heartburn, are comparable to vinegar; they live in pools of petroleum in oil fields, in jars of formaldehyde in morgues,  and in baptismal fonts in churches. They thrive as well at the tops of the highest mountains as they do in mines almost a mile below the earth’s surface, and they are equally at home in the driest of deserts and in the most humid of rain forests. About the only place on earth where they are not well represented is in the ocean, but even there a few hardy species have set up residence—ocean skaters that can be found gliding on the water surface a mile or more from shore, or lice that live in the nostrils of sea lions and stay relatively dry as they accompany their hosts on deep dives underwater.

So wherever humans have broken ground, whatever frontiers humans have explored, they have discovered that they are latecomers, following in the six-legged footsteps of insects. Whatever resources humans have wanted to garner as their own, insects have had a prior claim on. Thus it is that they are our chief competitors, exacting their toll in the form of destruction of crops, domesticated animals, stored products, timber, rangeland, and even human life (since many insects view humans as nothing more than a meal and in the course of feeding can transmit an enormous variety of debilitating and even deadly diseases).

But, because insects are in many cases the chief architects of terrestrial ecosystems, they are also our principal partners in making a living on earth. About a third of our diet (and a higher percentage for vegetarians) is the direct result of insect pollination; insect-pollination services in the U.S. amount to more than 9 billion dollars every year. Without insects, there would be no oranges in Florida, no cotton in Mississippi, no cheese in Wisconsin, no peaches in Georgia, and no potatoes in Idaho. By eating dung, carrion, and other ordure spurned by more discriminating beasts, insects keep the earth’s surface free and clear of debris. Moreover, aside from economic services, insects contribute economic products in magnitude unequalled by any other group of organisms. Entire economies have revolved around insect products. Aztecs paid tribute in the form of dead bodies of scale insects, which, due to the pigment they produce, were worth more than gold; fortunes, even lives, were made and lost in the silk trade.

Because the interactions are so profound, all-encompassing, far-reaching, most people are completely unaware of the extent to which life and culture are shaped by insects. Insects have been present on every battlefield of every war and have determined the outcome of those battles more often than have bullets or bombs. Alexander the Great, Napoleon, and other brilliant military strategists were more often defeated by arthropods than by their opponents  and would have been well-advised to have studied their habits more closely. Were it not for insects, there may never have been certain major social innovations, like the rise of a middle class in Europe, or scientific advances, like the germ theory of disease or the theory of natural selection. There may never have even been a science of genetics or a field of computer science without insects. Moreover, the world would have been a drab and colorless place, literally and figuratively. To remove all references to insects from English literature would be to gut the works of Chaucer, Shakespeare, Tennyson, and Keats, and to expunge all insect images rendered by artists would be to tamper with the genius of Van Gogh and Dali. Like it or not, insects are part of where we have come from, what we are now, and what we will be. It seems to me that’s a pretty good reason for getting better acquainted with them.






Chapter 1

CLASSIFICATION AND NOMENCLATURE (“A ROSE-CHAFER BY ANY OTHER NAME..”)




History of classification 

THROUGHOUT THE WORLD and throughout history, people have had a penchant for naming things. Even in the Bible, one of the first tasks assigned to Adam and Eve was naming all the other creatures in the Garden of Eden. Taxonomy is the science of naming, classifying, and identifying organisms. Several compelling reasons underlie the universal urge to identify, name, and classify things. Assigning a name tends to improve communication; for example, the statement “Hand me that thingamabob over there” isn’t quite as clear to a listener as, say, “Hand me that socket wrench over there.” Classification is the arrangement of things into groups sharing certain specified similarities. Thus, by knowing how something is classified, you immediately know something about it. If someone comes up to you and asks you (for whatever reason) to describe the flea he’s holding clutched in his hand behind his back, you don’t have to be a psychic to tell him that it is flattened side-to-side, wingless, and equipped with sucking mouthparts that it will use to imbibe the blood of some hapless warm-blooded vertebrate—because all fleas (members of the order Siphonaptera) exhibit these endearing traits. Finally, by determining the criteria by which groups are to be recognized, taxonomists greatly facilitate the chore of identifying hitherto unknown items. When in 1823 a German zoologist found a strange “turtle-like little animal” crawling in and around ant nests in the stumps of old oak trees, he was baffled by its appearance, equipped as it was with a “footless, naked belly,” “fleshy tentacles” and other peculiar appurtenances; for want of a better idea, he suggested that he had discovered a new and “beautiful addition to the  snail fauna of his own fatherland” (Berenbaum 1994); three-quarters of a century later, when the strange little beast was reared through to its adult stage, with three body segments, six legs, and two wings, it was instantly recognizable not as a snail but as an insect—specifically, as a fly (Fig. 1.1). No matter how they start out in life, only flies (members of the order Diptera) end up as six-legged creatures with two wings.

So, in order for things to be classified, they must have some importance to those in charge of classifying things. Insects for a long time were not carefully classified, at least in part because until relatively recently they were not regarded as terribly important—annoying, yes, but, with a handful of exceptions, not of any consequence to the smooth and efficient functioning of society. Moreover, without the aid of a microscope, most insects are so small as to be distressingly similar in appearance, so distinguishing among them presented real difficulties.

One of the earliest attempts to classify insects was by Aristotle, in his monumental Historia Animalium. Aristotle classified insects according to whether they were winged or wingless; winged insects were subsequently divided according to the number and type of wings they possessed. This emphasis on wings in particular, and locomotory appendages in general, proved to be remarkably durable; even today the names of major insect orders reflect wing characters. Aristotle’s logical system prevailed despite the subsequent popularity of the writings of Pliny the Elder. Approximately four centuries after Aristotle’s Historia Animalium, Pliny the Elder offered his interpretation of insect classification in the form of his magnum opus Historia Naturalis. Pliny wasn’t so much interested in insects as he was in everything that existed; by the time he died in A.D. 79, he had authored at least thirty-seven volumes in his series.

Pliny the Elder was definitely not a detail man—not surprising in someone whose ambitious goal was to describe Nature in its entirety. Many of his “facts” were completely unsubstantiated (such as, for example, the notion that caterpillars origi-nate  from dew on radish leaves). Despite its inaccuracies, Pliny’s  Historia Naturalis was the authoritative source on natural history for the next 1,400 years. Medieval compilations borrowed heavily from his text and few innovations were made during the Middle Ages. For example, Bartholomaeus Anglicus (name notwithstanding, a Frenchman) compiled nineteen volumes around A.D. 1230 entitled De Proprietatibus Rerum. The work was intended to be a complete description of the universe. Book 12 is a discussion of air and includes an alphabetical list of flying things that inhabit the air, lumping flying insects indiscriminately in with birds. The bee, appearing along with birds as one of the “ornaments of the heavens,” is described as “a little short beast with many feet. And though he might be classified among flying creatures, yet he uses his feet so much that he can reasonably be considered among ground going animals.” Also considered a bird was the locust, “a worm engendered by a south wind” that “dies in a northwind.” Book 18 discusses terrestrial animals, classified by their means of locomotion and their habitat. Thus, “Creeping beasts and worms pass from place to place by stretching of the body and then drawing it together; worms, adders and serpents move in this way. And they have different means of movement; some draw themselves by the mouth, like small worms, some draw themselves forward by the strength of their sides and the flexibility of their bodies as adders and serpents, and so on.” Bartholomaeus Anglicus likely owes Aristotle for the idea of using means of motion as the basis for classifying living creatures.

Figure 1.1

Larval stage of Microdon, a fly once thought to be a mollusc (original drawing by C.L. Metcalf).
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The word “bug” dates back to this era and refers to a ghost or hobgoblin—something difficult to see and vaguely unpleasant (a term quite apt for most insects medieval people were likely to encounter). The word “insect,” on the other hand, entered the English language only in 1601, when Philemon Holland published a translation of Pliny’s Historia Naturalis. A year later, Ulysses Aldrovandus, an Italian, introduced a few taxonomic innovations of his own. Insects were divided according to habitat into Terrestria, or land-dwelling species, and Aquatica, the water-dwelling species. Each group was further divided according to the presence or absence of appendages (Pedata and Apoda, accordingly) and then subdivided further according to whether wings were present or absent (Alata and Aptera, respectively). Legs and wings were then tallied for finer taxonomic distinctions.

The introduction of devices that magnify optical images did wonders for the classification of insects. Indeed, insects were  among the first objects of inspection once microscopes became readily available. The earliest recorded microscopical investigations, by Federico Cesi and Francesco Stelluti, were studies of a bee and a weevil, in 1625 and 1630, respectively (published, curiously, not in a scientific journal, but in Stelluti’s translation of the first century Satires of Persius). With magnification, many of the anatomical features differentiating insect species were clearly visible for the first time and classification schemes based on morphological features, rather than habitat or means of motion, began to appear. The more detailed the observation, the more complex the name became. One species of butterfly, for example, was known as  Papilio media alis pronis praefertim interioribus maculis oblongis argenteis perbelle depictis. The disadvantages of such a naming system are abundantly clear—by the time somebody rushed over and told you he’d seen one, it would be long gone.

For convenience, names were often shortened. In 1758, Carl Linné (or as he was called in scientific circles, Carolus Linnaeus—the tendency to Latinize names extended even to people) published a book called Systema Naturæ, in which he used a binomial, or two-name, system, consistently for the first time. The system so impressed people that it was universally adopted; no scientific names published before Linnaeus’s time are considered valid and all subsequent names have conformed (and must continue to conform) to the Linnaean system.

Linnaeus was born in a small town in southern Sweden on May 23, 1707. As a young boy, he disliked school intensely, partly because of a series of uninspiring tutors and partly because he preferred puttering around his father’s garden to studying. At the age of 19, his teachers decided he was not suited to the priesthood, and he further disappointed his parents by taking up the study of medicine. He went on to study natural history and medicine at the University of Uppsala, where he wrote a thesis on plant sexuality that was to become the basis of his botanical system of classification. At the time, the idea that plants were sexual organisms was vigorously decried by the church, and proponents of the theory were subject to discipline from the Vatican. Linnaeus didn’t help matters much by drawing analogies between plant and human sexual practices in his writings (explaining, for example, that poppy and linden flowers were to be placed in the class he called Polyandria, from poly, or many, and andros, or men, because their sexual organs were effectively “twenty males or more in the same bed with the female”). The Catholic Church notwithstanding, Linnaeus was eminently successful  not only as a taxonomist but as a physician—his practice included the Queen of Sweden as a patient.

That the binomial system works is evidenced by the fact that Linnaeus described only about 2,000 species of insects and today there are more than 750,000 with Linnaean names. The two-part, or binomial, name of a species consists of the genus (always capitalized) and the species (never capitalized). Because even today scientific names are rendered in Latin (or at least are Latinized), they are always written in italics, as are all foreign words in English text. Despite the general aversion people feel toward scientific names, they are exceedingly useful. For one thing, they’re universally understood, so scientific exchanges can be carried out with precision; in contrast, common names, or vernacular names, for any given insect may vary in different parts of the country, and they certainly vary from country to country. Helicoverpa zea (Fig. 1.2), for example, a caterpillar with very eclectic feeding habits, is called the corn earworm in Illinois, the false tobacco budworm in North Carolina, the cotton bollworm in Arizona, and the tomato fruitworm in California. Secondly, the scientific name conveys information about the place of an organism in the hierarchy of things. Helicoverpa zea  used to be called Heliothis zea until about thirty years ago, when a man named D.F. Hardwick realized that the species exhibited several anatomical features completely absent in species placed rightfully in the long-established genus Heliothis and accordingly invented a new generic name to convey its distinctiveness. Finally, if   you’re up on Greek or Latin, a scientific name can tell you a lot about an organism. The “zea” in H. zea, for example, means “corn,” one of the caterpillar’s favorite food plants.

Figure 1.2

Helicoverpa zea, the corn earworm, living up to its common name.
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Scientific names don’t have to be off-putting. Some don’t even differ dramatically from their classically derived common name equivalent—e.g., Mantis religiosa, the European praying mantis. Some are even shorter than their common name equivalents—Ips pini is positively pithy in comparison with “California five-spined engraver beetle.” And some names even provide insights into the taxonomist’s hobbies (e.g., Dicrotendipes thanatogratus  (Fig. 1.3), a small fly, from thanatos meaning “dead” and gratus  meaning “grateful,” named by its discoverer J.H. Epler in honor of the venerable rock band the Grateful Dead) or personality (e.g.,  Heerz lukenatcha, a parasitic wasp described by inveterate punster P.M. Marsh).




Arthropod arrangements 

TAXONOMISTS, THAT IS, people who classify things, have set up an organizational hierarchy for cataloging living organisms. The hierarchy runs from the largest category, the kingdom, progressively through the ranks of phylum, class, order, family, and genus, down to the smallest category, the species. Insects belong to the kingdom Animalia, the animal kingdom. Although many people are of the opinion that only warm and furry creatures are animals, the term is actually much broader, biologically speaking. It encompasses organisms that are multicellular (made up of more than one cell) and that eat food to   obtain nourishment (rather than, as plants do, manufacture their own from sunlight, carbon dioxide, and water). Although there are insects that are smaller in size than a one-celled protozoan (such as fairyflies, which are tiny wasps that spend their formative days inside the eggs of water beetles and other aquatic insects), even tiny insects are made of thousands, or even millions, of cells. Since insects can and certainly do eat a remarkable variety of things (a fact to which anyone who has shared an apartment with cockroaches can attest), their status as animals is secure.

Figure 1.3

Dicrotendipes thanatogratus,  on a t-shirt printed for the 1994 meetings of the North American Benthological Society (drawing by John Epler).
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Every kingdom is made up of a number of smaller units, called phyla (singular, phylum). The phylum Arthropoda, to which the insects belong, consists of all jointed-legged animals (arthro is Greek for “jointed” and poda for “foot”) covered with an external, or exo-, skeleton. Aside from the jointed legs and the exoskeleton, another feature that characterizes arthropods is that their bodies are segmented. Arthropods are by no means unique in this respect; even humans and other vertebrates are segmented, but in arthropods, the segmentation is readily apparent, whereas in humans only a close look at the spinal column or vertebrate musculature reveals evidence of segmented construction. Needless to say, there’s more to being an arthropod than being segmented. While there are other groups of segmented invertebrates (members of the phylum Annelida, the earthworms and leeches, come to mind), arthropods have done more with their segments than virtually any other group of animals.

Slice open an earthworm and it looks pretty much the same no matter where you slice it; segments are basically repeated identical units. In arthropods, segments become specialized for particular functions and often become consolidated in groups. This process of grouping adjacent segments together for particular functions, or tagmosis, allows for more efficient performance of such tasks as eating or detecting environmental stimuli. In bilaterally symmetrical organisms such as arthropods, these tasks are usually handled by appendages attached to a group of segments that collectively make up the head (the head usually being the first part of the body to encounter the environment, although as always with arthropods there are exceptions—witness crabs that walk sideways and the little tropical insects called webspinners that habitually walk backwards away from danger). Locomotion is usually carried out by appendages attached to segments that collectively make up the thorax, and reproduction and digestion, the province of segments comprising the abdomen.

Organizational plans differ with ecological demands, however, and classification of arthropods is usually based on differences in the specialization and organization of body segments. Although most people tend to regard anything with an excess of legs as an insect, in reality insects have plenty of multilegged company in the phylum Arthropoda. In fact, there is an entire subphylum, the Chelicerata, with nary an insect to claim as its own. Members of the subphylum Chelicerata have two major body regions: a cephalothorax (a fused head-and-chest arrangement with appendages for eating and locomotion) and an abdomen. The name “Chelicerata” refers to the presence of a pair of pincerlike appendages, called chelicerae, on the first segment behind the mouth opening. In addition to chelicerae, chelicerates have a pair of leglike appendages called pedipalps, and four pairs of walking legs attached to the cephalothorax.

Of the three classes of chelicerates, two are exclusively marine—the horseshoe crabs and the sea spiders. The third class, primarily a terrestrial one and therefore the most familiar, is the class Arachnida, the arachnids. Members of this class are as different from insects, taxonomically speaking, as humans are from snakes, fish, or birds. Among the arachnids are the scorpions (order Scorpiones), notable for their pincerlike pedipalps and long segmented abdomen tipped with a venomous sting. They’re all carnivorous and use the sting to immobilize small, mostly insect, prey (although they are not averse to using the sting to teach blundering humans a painful lesson). Like scorpions, daddy longlegs (order Opiliones) have four pairs of legs but, as the name suggests, these legs are typically very long and slender; also distinctive is their apparent lack of a waistlike constriction between cephalothorax and abdomen. The daddy longlegs are probably scavengers, although there is some controversy as to what they eat when no one is looking. Mites and ticks (order Acari) are the most numerous of arachnids; while they too have no waist to speak of, they are easily distinguished from daddy longlegs and most other arachnids by their small size (the word acari actually means “tiny” in Greek) and apparent lack of segmentation. Ticks are exclusively parasitic on vertebrates, but mites lead a staggering array of lifestyles, ranging from bloodsucking to plant-feeding to scavenging. Finally, spiders (order Araneida) are the arachnids with a conspicuous constriction, or “waist,” between the cephalothorax and abdomen. All spiders are predators, mostly on other arthropods, but a few of the larger species can take down small birds and mammals. They have from two to six structures  on the abdomen, called spinnerets, used in spinning silk. Silk is spun for a variety of purposes; silken webs or snares entrap prey, silken pouches contain sperm during copulation, and silken blankets swaddle eggs, to cite a few.

Insects are among the members of the subphylum Mandibulata, whose members, in contrast with chelicerates, have a set of appendages called mandibles on the second segment past the mouth opening. Whereas chelicerates are pretty conservative in terms of number of legs, all more or less sticking to four (though on occasion sporting as many as six) pairs, mandibulate arthropods go to extremes in both directions—from none to hundreds. Members of the class Crustacea go in for legs in a big way; there are legs on every segment of head and thorax, which are occasionally fused, and in some crustaceans legs on every abdominal segment. All told, crustaceans can have anywhere from three to seventy pairs of legs. As well, they are unique among arthropods in having not one but two pairs of antennae; chelicerate arthropods have none and all other mandibulate arthropods have only a single pair. Familiar crustacean faces include barnacles, sowbugs, crabs, lobsters, shrimp, and crayfish; not so familiar are the tadpole shrimp, fairy shrimp, water fleas, and ostracods. Crustaceans are sufficiently different from the rest of the mandibulate arthropods (particularly in their predilection for aquatic habitats) that some people actually place them in their own subphylum.

Diplopods and chilopods are often lumped together in a super-class called Myriapoda, myria meaning “many.” The name is appropriate since chilopods are otherwise known as centipedes and diplopods as millipedes. Both the scientific and common names convey the same idea—cent means “hundred” in Latin, chilioi  means “thousand” in Greek, and milli means “thousand” in Latin. While it’s not exactly true that centipedes have precisely 100 legs and millipedes ten times that number, it is true that they have a lot of legs, at least as adults (baby millipedes start life with, like their insect relatives, only three pairs of legs). Both groups have thirteen or more pairs of legs; the major difference between the groups is not in the number of legs but in how the legs are attached to the body. Millipedes have two pairs of legs per visible segment (hence diplo or “two”) and centipedes have a single pair of legs per segment. The apparent doubling up of legs on millipede segments is due to the fact that each apparent segment is actually a fused double segment. While millipedes are inoffensive scavengers, centipedes are predaceous and have a set of poison glands in their jaws that they use to  paralyze prey. Actually, millipedes are not totally inoffensive—while their eating habits don’t involve venom, many have paired glands along the length of their bodies that, when a millipede feels threatened or offended in some way, ooze all kinds of noxious substances, including, in one species, hydrogen cyanide and in another a chemical that is structurally and functionally very similar to the active ingredient of Quaaludes, a powerful tranquilizer.

The group that lays claim to being the dominant life form on earth is the class Insecta. Three major body divisions—head, thorax, and abdomen—with three pairs of legs (no more) attached to the thorax, set them apart from all other arthropods. The body division is the trait to which insects owe their name: Insecta derives from the Latin for “cut into,” as in “cut into pieces,” a succinct way to describe segmentation. (Entoma is from the Greek for the same thing, whence cometh “entomology.”) Insects are the only arthropods—in fact, the only invertebrates—with wings.

Recognizing insects is oftentimes easier in concept than in practice. Definitive characters are often so highly modified that they are no longer practicably recognizable; insect bodies have proved amazingly malleable to demands placed on them by a tremendous variety of lifestyles. Wings can be variously fringed, sheathlike, membranous, scaly, or hairy; these trademark anatomical appendages even disappear in some adult forms, as in the aptly named Siphonaptera, or fleas (from siphon for “tube” or “pipe” and  aptera for “wingless”). Mouthparts are variously modified as syringes, stilettos, sponges, or shears, and legs can be oars, hooks, wrenches, vises, springs, or not there at all. Major anatomical features suffice to place most insects in some reasonable sort of order—actually, in about two dozen different orders, technically speaking. Ordinal names, characteristics, and prominent members are provided in Appendix 1, which should serve the function of a dramatis personae for the reader to consult when the cast of characters gets confusing. For the true insect aficionado, it should serve as a preview of coming attractions.
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Chapter 2

PHYSIOLOGY




Good things in small packages 

BY ANY STANDARD of measurement, insects can be said to be a very successful group. They owe their success at least in part to several physiological and anatomical innovations that give them a competitive edge over other animals. The majority of these unique features reflect the fact that, on a global scale, insects are small animals. Small size has been in large part responsible for the overwhelming success of the insects; at the same time, it imposes severe physiological and ecological restrictions. The range of size represented by living organisms on earth today encompasses some thirteen orders of magnitude—from a blue whale weighing in at 100 metric tons to a rotifer, or wheel animal, weighing less than 0.01 milligram. Insects range over only five orders of magnitude—from tropical scarabeid beetles (like the Atlas or Hercules beetles) weighing 30 grams (more than the average field mouse) to midges less than 0.1 milligram. So, eight orders of magnitude are missing in the class Insecta. Problems at the upper limit of life on earth involve support, transport, and overcoming inertia—clearly not problems for organisms like insects, which must deal with a whole different set of problems.

Most of the problems insects face can be traced back to one simple relationship—the surface area/volume ratio. As the size of an organism (or object) increases, its surface area increases in proportion to the square of length (since area is measured in two dimensions), and its weight (mass or volume) increases with the cube of length (since volume is a three-dimensional measure). The larger the number, the greater the discrepancy between its square and its cube; the difference between 32 and 33 (i.e., the difference between 9 and 27) is greater than the difference, for example, between 22 and 23 (i.e., the difference between 4 and 8). So, because squaring a  number does not make it as big as cubing a number, as animals get larger they have proportionately less surface area (a squared measure) relative to their volume (a cubic measure) in comparison with smaller animals.

This relationship between surface area and volume can work to an insect’s advantage. Since muscle strength is proportional to cross-sectional area, insect muscles appear to be very powerful, since they are moving a muscle mass (or volume) that is relatively small compared to the cross-sectional area. Hence, statements like “A grasshopper as large as a man could leap across a football field in a single jump” or “if a man were as strong as an ant, he could pull two boxcars without sweating.” The problem with all of these statements is that they don’t take into account the surface area/volume ratio. The truth of it is that, if a grasshopper were as big as a man, it could jump probably only about as far as a man can jump, since its muscles would have to move a much greater bulk or volume than a grasshopper is accustomed to moving (Fig. 2.1).

Virtually all the physical or anatomical traits that set insects apart from other organisms represent adjustments to the surface area/volume ratio. One of the first innovations, according to the   fossil record, was a tough, hard external skeleton, or exoskeleton. In fact, all of today’s organisms with exoskeletons are descended from fossil ancestors over 500 million years old. Today’s exoskeletons are multilayers—layer upon layer of different material, each of which contributes to a unique property of the exoskeleton. The outside covering of an insect—the body wall that makes up the exoskeleton—is called the cuticle. The cuticle itself consists of several layers: the endocuticle (about 10 to 200 microns thick), the exocuticle (of variable thickness), and the epicuticle (only [image: 005] to [image: 006] as thick as the endocuticle and exocuticle together).

Figure 2.1

Turn of the century novelty postcard depicts a physiologically improbable scene.

[image: 007]

Although it is the thinnest layer, the epicuticle is probably the most important in providing one of the properties that makes an exoskeleton so valuable—it is responsible for waterproofing the insect. Water loss is a particularly acute problem for insects and other small animals in that the rate of water loss from a body is proportional to the surface area of that body, so insects, with a high surface area/volume ratio, are particularly at risk of desiccating under dry conditions. The wax component of the epicuticle is primarily responsible for guarding against water loss. Insect cuticular wax is highly water-repellent and acts as a seal to prevent loss of water through the skin. Preventing water loss was particularly important in facilitating the move onto dry land—arthropods were among the first colonists back about 500 million years ago, when new terrestrial habitats first opened up. Even today, terrestrial arthropods tend to have a more highly developed wax layer than do their aquatic relatives.

The remaining layers, the endocuticle and exocuticle, are responsible for conferring upon the exoskeleton the properties of strength and rigidity. The strength and rigidity result from a chemical reaction between the two major components of cuticle—chitin, a long chain molecule, or polymer, of repeating units of N-acetylglucosamine, a kind of sugar, and a group of proteins known collectively as sclerotin. The protein cross-links with the chitin (that is to say, it forms a series of crisscrossing chemical bonds) to make the cuticle rigid. Hardened cuticle is just the thing for terrestrial living because a hard, external covering made possible the arthropod exoskeleton. An exoskeleton is a great invention from the insect point of view; sturdy but lightweight, it provides protection for tiny bodies against bumps and collisions, it allows for extensive muscle attachment and leverage, it prevents drying out, and it makes a great set of wings.

The cuticular exoskeleton also put the “poda” (the feet, that is) in “Arthropoda.” Insect legs are basically hollow cuticular cylinders.  Such an arrangement is nice for insects because, being so small, they have a limited amount of material to work with and an exoskeleton is more conservative of material than an endoskeleton would be. It is a general law of physics that hollow tubes have greater resistance to bending and to static loads (heavy weights) than do solid rods composed of an equivalent amount of material (that’s why, for example, metal scaffolds and aluminum patio chairs are hollow inside rather than solid). The exoskeleton also made leg joints possible, and jointed legs greatly increased the speed and accuracy of movement. With these jointed appendages, insect bodies could get lifted off the ground to facilitate rapid movement; thus, arthropods, unlike earthworms, slugs, and other less well-endowed invertebrates, can run and jump rather than just slither and crawl. To illustrate the effectiveness of jointed legs in increasing speed, compare the top speed of onychophorans, sluglike animals intermediate in form between the arthropods and the earthworms (they have chitinous cuticle but no jointed legs), with that of your average spider or earwig; the best an onychophoran can manage is about 5 to 9 millimeters (1/5 to 3/8 inch) per second at a dead run while a wolf spider can hotfoot it all the way up to 250 millimeters (about 10 inches) per second, and an earwig can top 98 millimeters (about 4 inches) per second.

Despite its many appealing features, the external skeleton has one monumental drawback that actually is the reason insects are stuck at being smaller than most other living creatures. Nobody has yet devised an external skeleton that grows along with the organism; a rigid exoskeleton must be shed in order for an insect to increase in size. So all arthropods must molt or shed their skin in order to increase in size. The process is called ecdysis by technical types, from the Greek ekdysis, meaning “getting out.” This molting wouldn’t present problems except for one thing: when an insect molts, its fresh new cuticle takes a little while to harden. That’s all right for a small insect, because the pull of gravity is not very great. But for a large insect, the force of gravity (which is proportional to mass) is so great that a soft, newly molted insect runs a serious risk of collapsing in on itself before its cuticle can harden.

The waterproof cuticle paved the way for the next innovation in arthropod evolution, the tracheal respiratory system, which first appears in the fossil record around 400 to 430 million years ago. Insects breathe not through lungs, as humans do, but rather through a system of branched tubes that connect to the outside through a series of small openings, called spiracles, on the insect body. Each  main trunk divides, and each subsidiary trunk (or tracheole) continues to divide until a tiny tube delivers oxygen directly to each cell of the insect body. Tracheae were a great boon to insectkind because they provided a partial solution to the problem faced by any terrestrial organism—that is, how to obtain oxygen without losing water at the same time.

The challenge lies in the fact that a molecule of oxygen, with a molecular weight of 32, is larger than a molecule of water, with a molecular weight of 18. Any membrane or surface with holes large enough to admit oxygen is also going to be large enough to release water. Losing body water is a serious threat to the health and well-being of any would-be land-dwelling organism. Tracheae represent a compromise—they minimize the external surface susceptible to water loss by internalizing, or invaginating, that surface area. The only part of the insect body open to the outside, the spiracles, can be opened and closed by muscular contraction to prevent water loss in stress situations. Water loss is further minimized by the fact that the tracheal oxygen delivery system is lined with waterproof cuticle.

Oxygen does not diffuse very well in aqueous environments—it can only travel about 1 millimeter before slowing down to such an extent that it effectively stops. That’s why organisms without a specialized oxygen delivery system are rarely more than 2 millimeters (less than 1/10 inch) across (and as a consequence are generally unfamiliar to the general public). Vertebrates use a slightly different tack in delivering oxygen to cells, tissues, and organs. Oxygen is carried through the circulatory system in blood cells, bound to a red pigment known as hemoglobin. The red blood cells in turn are circulated throughout the body in vessels, powered by the force of a beating heart. In some ways, the insect system is actually more efficient than the vertebrate system. Although the tracheae are long, they are filled with air, and oxygen moves more than 300,000 times faster in air than in a fluid such as water. The slowest part of oxygen delivery inside an insect is not from the spiracle to the tracheole but rather from the tracheole through the cell to the mitochondria (the cell’s energy factory), a distance only 1/10,000 as long. Because oxygen is essential for burning metabolic fuel, having a watertight system for rapidly delivering oxygen in air to all the body cells allowed insects to pursue a high-energy, active terrestrial lifestyle.

One of the most energy-intensive things that insects do is fly, an activity made possible by the development of wings back about 300 million years ago. Wings are thought to have begun as airfoils, simple extensions of the cuticle from the thorax. Their locomotory  value greatly increased once they developed joints at their base. Flight was greatly facilitated by the small size of insects and in turn flight allowed insects to cover far more terrain in less time than even six legs could cover. For example, top ground speed of running insects is about 10 centimeters per second (4 inches/second, or 0.23 miles per hour). In contrast, the top flight speeds are in the neighborhood of 36 miles per hour, as is the case for a large Australian dragonfly. Distances covered are far greater by wing rather than by foot. Horse flies, with flight speeds of 15 miles per hour, cover a range of over 60 miles, and monarch butterflies, in the course of their annual migrations south, can cover a thousand miles or more. Having wings allows insects to disperse to new habitats when the ones they occupy become unsuitable, to avoid their earthbound enemies more effectively, and to forage for food over a greater area.

Although wings provided a solution to several problems, they created a few new ones. In order for wings to be tough and strong, they consist only of cuticle; for the most part, they lack the epidermal tissues that underlie cuticle throughout the rest of the body.   Dropping the epidermal tissue is an effective way to lighten the load without affecting wing strength or resiliency. The problem is that the epidermis is the tissue that synthesizes cuticle, so, once it degenerates, it cannot produce new cuticle. Insects therefore have only one set of wings—they can’t be molted and replaced like the rest of the cuticle. The only adult insects that molt are thysanurans, or silverfish, and they can do so ad infinitum because they lack wings.
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Figure 2.2

Life cycle of the snowy tree cricket (Oecanthus fultonl), an example of gradual development (Department of Entomology, University of Illinois archives).

Insects came up with two solutions to this problem of unmoltable wings: incomplete or gradual metamorphosis, called by entomologists hemimetabolous development, and complete metamorphosis, called holometabolous development. In gradual metamorphosis, wings develop externally from buds throughout development and reach full size only at the final molt (Fig. 2.2). In complete metamorphosis, wings and some other adult tissues are quiescent throughout larval development in little islands of adult cells called imaginal discs; there is a transitional stage, called the pupa, in which these cells are activated and undifferentiated tissues begin to develop. When the adult emerges from the pupa, the wings, developed internally, are finally inflated (Fig. 2.3).

One characteristic of complete metamorphosis is that immature and adult stages of such insects can be completely different in appearance and habits, as is the case with grubs and beetles, maggots and flies, and caterpillars and butterflies, to name a few. This radical change in appearance and habits allows one species to take advantage of variability in the environment—to specialize on one food as a larva, for example, and another food as an adult. Larval mosquitoes, for example, feed on aquatic bacteria and decaying plant debris, a seemingly obscure bit of trivia of interest only to entomologists; on the other hand, adult female mosquitoes feed on the blood of vertebrates, a fact with which almost every person is distressingly familiar. Thus, insects with complete development can get along in a greater variety of habitats than can insects with gradual metamorphosis, and, accordingly, insects with complete metamorphosis planetwide outnumber insects with gradual metamorphosis by about four to one.

Although insects gained exceptional mobility when they acquired wings, they still have had to contend with physical forces in the air and on the ground that greatly affect that mobility. Due to their small size, insects face a number of unusual challenges in getting around in the world. A lot of physical phenomena look unfamiliar at high surface area/volume ratios (that is, in the world of insects). Kinetic energy, or the energy of movement, increases in  proportion not with the cube of length (like volume) but with the fifth power, so an insect 1/10 the size of a mouse hits the ground with only 1/100,000 the energy—which is why insects don’t explode or fall apart when you drop them off a table. This physical relationship is no doubt the source of the expression “The bigger they are, the harder they fall.” Flies can walk up walls because the small gravitational force acting on them in proportion to their small mass is considerably less than the surface adhesion, a force related to surface area, acting on the spongy pads on their feet. Living around surface forces opens up new habitats for insects, too. Water striders skim around the water surface in part because the surface tension of the water is sufficiently strong to support them. Yet there is a down side to the surface area/volume ratio. Insects must struggle with forces larger animals can ignore. The same amount of energy that a flea expends to jump 30 centimeters into the air can propel a leopard to a height almost ten times greater—because the leopard, with a relatively small ratio of surface to volume, isn’t overcome by air resistance, a force, like friction, that acts in proportion to surface area.
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Figure 2.3

Life cycle of the pea weevil (Bruchus pisorum), an example of complete development (Department of Entomology, University of Illinois archives).

The water surface is just one of thousands of habitats that insects can exploit due to their small size. Small size allows them access to nutrients that are otherwise too meager or too inaccessible to support life on a larger scale. Being small, insects can divide up their environments into far smaller livable pieces than can larger animals, so opportunities abound for successful establishment. However, there is a catch. According to insect expert Dan Janzen, “As organisms get smaller (elephant down to insect), their control over their  individual environment decreases until they get so small (mites to viruses) that the individual’s gambit is contained within a very small microhabitat and then their environmental control begins to increase again.” Insects have little control of their environment; correspondingly, they must adapt to it, rather than adapt it to them. This ability to adapt to a staggering variety of environments has no doubt contributed in a fundamental way to the tremendous species diversity of insects.




Metamorphosis (quick-change artistry) 

What is a butterfly? At best

He’s but a caterpillar dressed. —BENJAMIN FRANKLIN

 

 

 

MOLTING IS A COMPLICATED, time-consuming, and potentially dangerous procedure that all arthropods must endure. The process is essentially the same, physiologically, throughout the phylum. It’s not clear exactly what first triggers the process; some people think that sensors built into the body wall send signals to the brain when an insect reaches a certain size. The molting process is known to be initiated in the brain. When the time is right, the brain releases a hormone (called by imaginative entomologists “brain hormone”) into the blood or hemolymph, where it travels until it reaches a gland in the prothorax called the prothoracic gland. The prothoracic gland is then stimulated to produce another hormone, called ecdysone (sometimes called “prothoracic gland hormone”). Ecdysone is a steroid hormone, like the human steroid hormones estrogen and testosterone. Ecdysone in insects stimulates the epidermal cells that underlie the cuticle. During most of an insect’s life, the epidermal cells are relatively inactive, but once stimulated by ecdysone they begin dividing, throwing themselves into folds, and rearranging.

The next step in molting is apolysis, the separation of the old cuticle from the newly activated epidermis. The old cuticle remains in place the entire time to protect the new cuticle as it forms. For the separation process, the epidermis secretes enzymes that dissolve away everything but the hardest parts of the old cuticle. This recycling allows insects to conserve on the amount of material that has to be synthesized to produce new cuticle. The new cuticle is systematically laid down as the old cuticle fades away. The first material to  be laid down is cuticulin, which is a proteinlike substance that is extremely resistant to the action of the digestive enzymes, so it can prevent the newly forming cuticle from dissolving away as it’s made. Next the endo- and exocuticle are formed, and finally the wax and cement layers (to complete the multilayer epicuticle). Wax gets ferried up to the surface of the new cuticle by way of pore canals.

At this point, the insect, equipped with a brand-new but not-yet-hardened cuticle, is trapped inside its old cuticle and now must shed its skin, which it does in any of a number of ways: gulping air, swallowing water, or by contracting its abdominal muscles to make use of the hydrostatic pressure of its blood. The old cuticle splits along lines of weakness where it has been dissolved away from underneath, and the insect wriggles free. Once out of its old cuticle, the insect must expand and harden its new cuticle. The process of sclerotization, or tanning, of the exocuticle—the cross-linking of proteins with chitin to provide rigidity—can take anywhere from an hour to several days to complete, depending on the species. During this so-called teneral period, the insect is soft and vulnerable, so molting is often practiced in concealed and well-protected places.

Just exactly what an insect turns into at each molt is regulated by another set of glands, the corpora allata. These glands produce a hormone called juvenile hormone—sort of an elixir of youth. As long as the corpora allata keep pumping out juvenile hormone, the insect will remain in a juvenile state. As the level in the hemolymph (or blood) drops, maturation proceeds. When, at the final molt, juvenile hormone is no longer produced, an insect finally becomes an adult.

Unlike the steroid hormones, which are found in both vertebrates and invertebrates, juvenile hormones seem to be uniquely arthropodan and as such have proved a useful target for humans intent on developing new ways to destroy insects. Chemists have devised compounds that look and act like juvenile hormone in the insect body and effectively prevent insects from reaching adulthood. Despite the appeal of the concept of eternal youth to humans, failure to reproduce is pretty much a losing situation for any organism from the perspective of posterity. Hydroprene, one such juvenile hormone mimic, is a component of many household preparations for cockroach control and is currently marketed as “birth control for roaches.” Methoprene, another juvenile hormone analogue, is often incorporated into household flea control products,  along with other insecticides, particularly pyrethroids; while the pyrethroids ensure rapid mortality of the adult-stage fleas, the methoprene works on the egg and larval stages to prevent population resurgences.

A developmental stage is called an instar. How many instars it takes to reach adulthood depends entirely on the species. Some flies complete the whole process in only four molts, while some beetle larvae (like wireworms, the immature stages of click beetles) can molt up to twenty-seven times before they finally pupate. In some species, the number of instars varies with the sex. In gypsy moths, for example, males complete development in five larval instars and females in six or seven. The amount and quality of food available can influence the number of molts as well.

The word “metamorphosis” simply means “change in form,” and in general every molt is accompanied by a change in form—sometimes subtle, sometimes dramatic. Gradual metamorphosis doesn’t necessarily look too gradual. In dragonflies, for example, the gills, the mouthparts, the gut, most of the abdominal musculature, parts of the head, and numerous other parts of the immature insect are completely rearranged into adult tissues. By the same token, in some of the more primitive insects with so-called complete metamorphosis (such as the dobsonfly), about the only conspicuous change is the acquisition of a set of wings. Some insects with gradual metamorphosis have stages that look for all the world like a pupal stage. Certain species of thrips and scale insects, for example, have pupalike “resting stages,” which, in the case of male scale insects, provide for some pretty dramatic morphological changes. While male scale nymphs have no legs, no wings, no eyes, and no antennae, after a short while in this “resting stage,” they emerge as fully equipped adults.

Some insects carry metamorphosis to an extreme and undergo major anatomical modification with each and every molt. This practice is known as hypermetamorphosis and is characteristic of some flies, bugs, and beetles. Blister beetles in the family Meloidae are masters of metamorphosis (Fig. 2.4). Epicauta pennsylvanica,  the black blister beetle, starts out life as eggs underground. The eggs hatch to produce a long-legged active larva called a triungulin, which runs around looking for the egg case of a grasshopper. Once it locates an egg case, it chews its way in and molts into a stout, thick-legged form that eats grasshopper caviar until its next molt. The next molt produces a fat, C-shaped grub with tiny legs. After two more molts, a legless nonfeeding form, covered with thick dark  exoskeleton, rests through the winter. Come spring, it molts again to produce another active, but legless, larva, which spends most of its time preparing a pupation chamber. It molts yet again to form a pupa and, after two weeks, molts into its final form, that of a shiny blue-black beetle. Although this sort of life cycle, even with so many changes of venue, may take only a few months to complete, such complexities mean that it may take an entomologist the better part of his or her own lifetime to figure out, and there are still thousands of species for which information about life cycles is woefully incomplete.
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Figure 2.4

Life cycles of blister beetles (Meloidae), an example of hypermetamorphosis (Department of Entomology, University of Illinois archives).

Under some circumstances, namely, when temperature, humidity, and the food supply are suitable, insects can develop continuously, but these conditions prevail in vanishingly few habitats. Life cycles of insects are varied in terms of number of generations, seasonal sequences, and the like, but what characterizes almost all life cycles are alternations of periods of active development with periods of developmental arrest coincident with habitat unsuitability. Environmental unsuitability can take on many forms: extremes of temperature, dryness, or food scarcity are but a few. The duration of the unsuitable period can be quite prolonged. The apple blossom weevil Anthonomus pomosum lives on apple buds and is basically inactive for ten to eleven months every year; some cone- and seed-feeding insects may have to wait years as pupae in a form of suspended animation, waiting for their host plants to reproduce so the next generation will have something to eat.

Such periods of inactivity in most circumstances fall within the definition of diapause. Diapause is a distinct physiological state, usually characterized by a cessation of development, a buildup in fat reserves, a reduction in body water, and an increased physiological  resistance to extreme conditions. The physiological changes associated with diapause allow insects to survive unfavorable periods. For example, to withstand the extremely cold temperatures associated with winter, many insects accumulate large stores of glycerol, a chemical that not only looks a lot like polyethylene glycol but also shares its antifreeze properties. Thus, hemolymph containing large amounts of glycerol has a much lower freezing point than does hemolymph without such additives. Aside from producing compounds that lower the temperature at which their bodies freeze, some insects manufacture chemicals that protect them from damage caused by ice crystal formation inside cells and are actually capable of freezing up to 90% solid for much of the winter and then thawing out come spring without incident.




Reproduction (sex, bugs, and rock and roll) 

More courtship lives in carrion flies than Romeo.

—WILLIAM SHAKESPEARE, Romeo and Juliet

 

 

IT ALMOST GOES without saying that, as a group, insects have been very successful in the area of sex and reproduction. The reproductive prowess of some species is legendary—queens in some termite colonies produce hundreds of thousands of eggs over the course of a lifetime and in some cultures are not too surprisingly regarded as fertility symbols.

Insects, of course, are not unique in their ability to reproduce—all animals do it. But insects are remarkable in the variety of ways in which they engage in reproduction. The vast majority of insects reproduce sexually, as opposed to asexually. The vast majority of successful organisms do. Asexual reproduction has its benefits—it guarantees a rapid increase in numbers and a close match between the organism and its environment, and it eliminates the often time-consuming and tedious process of finding and courting a mate. Asexual reproduction has probably been around for over 3 billion years, so it can’t be an evolutionary dead end, either. But asexual organisms are at a singular disadvantage compared to sexual organisms. Biparental sexual reproduction involves the production of sex cells, or gametes, each of which contains half the genetic complement of an individual. Thus, two gametes must fuse to form a new individual. The zygote, the cell resulting from the fusion of two gametes, receives genetic information from two parents. The combination produces a genetically unique individual, and it is this genetic  uniqueness of offspring that distinguishes sexual from asexual reproduction. Sexual reproduction generates variety, and variety is essential for survival if the environment is changeable, a characteristic that pertains to most environments (particularly the kinds of environments frequented by insects). So, over and above its other attractions, sex does provide evolutionary flexibility to a species.

Generally speaking, in sexual reproduction, there are two types of gametes. Sperm, conventionally described as the smaller, more mobile, and more numerous of the two gametes, is in insects produced by males, usually in the last larval instar, pupal stage, or in early adulthood. Insect sperm cells are in most cases unremarkable, mostly filamentous in appearance and equipped with a vaguely defined head containing the nucleus. Not all arthropod sperm is so simple in structure; crayfish spermatozoa, for example, are shaped like a five-pointed star. Size and number vary considerably and are in no way related to the size of the producer. A single sperm cell of the featherwing beetle (Bambara) is fully two-thirds the length of the beetle itself. Some backswimmers produce sperm cells 1.5 centimeters (3/5 inch) long; for perspective, it’s worth noting that human sperm cells are a mere 0.7 centimeters in length. Sperm are produced by the testes, a pair of organs consisting of a series of follicles, or sex cell line production centers. From the testes, sperm travel through a series of tubes and ducts; stored in the seminal vesicle, they are discharged through the aedeagus, or penis, during copulation, accompanied by secretions from accessory glands.

The ovum, conventionally described as the immobile larger gamete, is produced in an ovary by a female insect. Each ovary consists of a variable number of follicles called ovarioles, which, unlike the testicular follicles, are free-floating rather than compacted into a single organ. The number of ovarioles differs with the species, and the range runs from sublime to ridiculous. While termite queens have over 2,000 ovarioles, a female tsetse fly has only one (tsetse flies produce only one offspring at a time, which, after hatching, stays inside the body of the female for most of its larval life, feeding on a milklike substance in a structure called a uterus). Females of many species have a structure known as a spermatheca, a shunt off the reproductive system used for storing sperm. In species that mate only once, sperm can be stored for months or, in the case of queen bees and ants, even years. A virgin queen bee mates only once, but during her nuptial (or mating) flight she may mate with a dozen or more males, acquiring millions of sperm to  last several years. In one ant species, queens can store up to seven million sperm for ten years. Oogenesis, or egg production, usually occurs in the last larval instar, pupal stage, or adult (and seems to be influenced by the corpora allata, the same glands that regulate youthfulness in molting). An ovum released from an ovariole travels down the oviduct and is fertilized when sperm are released from the spermatheca.

Many females also have accessory glands, called colleterial glands, which provide materials that attach the egg to a surface or substrate. Eggs laid in the fall that must survive cold winter temperatures before hatching the following spring, such as those of the praying mantis, can be equipped with a layer of insulating foam. Other eggs come equipped with antipredator devices—green lacewing eggs, for example, are laid at the tip of an elongated stalk to keep them safe from bands of roving egg predators scouring leaves for an easy meal.

Sexual reproduction doesn’t mean a thing unless the male and female gametes can get together; with biparental sexual reproduction, the two types of gametes are usually stored in two different bodies. Spermatozoa, being more mobile than ova, generally are responsible for doing most of the traveling. Sperm cells are basically aquatic and are built for swimming—they move through water by whipping their tails. Consequently, in aquatic arthropods like crustaceans, fertilization is generally external—males simply discharge their sperm directly into the water, generally following courtship procedures that increase the probability that females release their eggs more or less at the same time in the same general vicinity. On land, egg and sperm must get together inside the body of the female, via the process of internal fertilization. There are at least two ways that sperm are delivered into the body of the female. In indirect sperm transfer, the sperm are packaged and removed from the male genitalia. For example, male spiders spin a small sperm web, deposit sperm on it, and insert the whole package into the female genitalia with a pedipalp. Male silverfish package their sperm in a little bundle called a spermatophore, drop it on the ground, guide a female to the immediate vicinity, and strap her down with silk until she picks it up and inserts it into the appropriate orifice. The problems with indirect sperm transfer are manifold, not the least of which is that sperm are hardy, but they’re not that hardy—they don’t stand up too well to environmental unpleasantness such as rain or cold temperatures. Left exposed in the environment, they are also vulnerable to predators (including other males of the same species).

Direct sperm transfer is probably the most efficient delivery system of sperm to egg; in direct sperm transfer, sperm travel from the male reproductive system directly into the female reproductive system without passing “go” or collecting $200. In this way, the male insect has a guarantee that his sperm arrives intact at the appointed destination and fewer sperm cells are lost to environmental unpredictability. There are no guarantees, however, that once deposited in the female reproductive tract they’ll stay there. Certain male damselflies, for example, have special flanges on their intromittent organs that are used to scoop out any sperm that may already have been deposited in the spermatheca of their mates.

The diversity with which internal fertilization is accomplished in the insect world is truly breathtaking. Insect genitalia are so variable that they are often used (almost to the exclusion of other characters) to identify insects to species. The oldest explanation for the remarkable diversification of genitalia is the lock-and-key hypothesis—the idea that if genitalia are sufficiently complex then only a member of the opposite sex of the same species will be able to gain access to the female reproductive tract and deliver sperm (thereby preventing inviable zygote formation). It has also been suggested that the elaborate cuticular variations in shape may serve to stimulate the couple sexually when contact is made. The most recent (and most popular) explanation is the so-called sexual selection hypothesis—that females discriminate among males competing for their attentions and genitalic structure is evidence of male acceptability. Females are choosier than males because their gametes are fewer in number and they invest substantially more time and energy in them, particularly after fertilization. Thus, since females have more at stake every time they mate (it is in all cases the female that gets pregnant and in the majority of cases the female that invests time and energy in care of offspring), females show “sales resistance” and males must display “salesmanship” in order to gain access to their gametes.

Sexual selection may also be responsible for sexual dimorphisms (gender-specific differences in body shapes) in structures other than genitalia. In many species, elaborate ornamentation is used for grasping the female during copulation. Dragonflies, for example, have a genital opening on the ninth abdominal segment, near the tip of the tail. However, the copulatory organs are on the abdomen seven segments up, two segments behind the thorax. The male has to deposit sperm from the tip of his tail into a storage sack behind his legs by bending his abdomen up and around. He then  grabs a female with the tip of his tail right behind her head. She then bends her abdomen up and under the male’s and places the tip of her abdomen up against the storage sack near the thorax. Once coupled in this peculiar fashion, they can fly around together for several days, either mating or trying to figure out how to get untangled. Still other nongenitalic contact organs are used by males to grasp other males in ritualistic combat over access to females. The large and often bizarre head ornaments of certain scarabeid beetles are used in some instances to pry an opponent off the back of a female while he is in flagrante delicto.

Then again, there are insects at the opposite extreme that have dispensed with traditional forms of copulation. The bed bug Cimex lectularius, a bloodsucking human parasite, may have the most unique method of insemination of all. Female bed bugs have no genital opening at all. As a result, the male makes his own—he punches through a particular weak section of her abdomen between the fifth and sixth segments with his large sharp hooked intromittent organ, and dumps sperm and accessory fluids into her abdominal cavity, bypassing the normal complex system of tubes and ducts devised to conduct sperm to the right place. The female has a structure called the organ of Berlese, which acts like a cushion to protect her against major collision damage. Much of the semen is actually digested by the female, but a few sperm do manage to make their way into the female reproductive tract. After the male withdraws, the opening he created eventually heals and closes over with a scar (you can find out how often a female has mated by counting the scars on her abdomen). This form of insemination is known appropriately enough as hypodermic or traumatic insemination.

In a few exceptional insects, the process of fertilization is greatly simplified by virtue of the fact that both male and female organs are housed in the same body. Some races of the cottony-cushion scale Icerya purchasi in California are hermaphroditic—individuals contain both male and female reproductive organs and they fertilize themselves (their internal anatomy is so configured that they can reach the appropriate orifices with the proper organs). The term “hermaphrodite” derives from the names of the Greek god Hermes, the messenger, and the Greek goddess of love, Aphrodite.

The process of sex determination in insects is generally similar to sex determination in mammals, but as always there are some unique insect twists. Chromosomes, which carry the genetic information in the cell, generally are present as matched pairs, with one  exception, the pair known as the sex chromosomes (the others are called autosomes). As in mammals, an individual with a matched pair of sex chromosomes is a female; an individual with a pair that doesn’t quite look identical (XY) is a male. In butterflies, moths, and caddisflies, though, the situation is reversed—the female is the so-called heterogametic sex (XY). In some strains of fruit flies in the genus Drosophila, sex determination is based not on the presence or absence of sex chromosomes but on the relative ratio of sex chromosomes to autosomes (sort of a majority rule form of gender selection).

In some species, males possess only a single sex chromosome. This X0 sex-determining mechanism is found in the bees, ants, and wasps (order Hymenoptera) and may have led to the rather remarkable form of parthenogenesis, or asexual reproduction, called haplodiploidy (arrhenotoky). Fertilized eggs of Hymenoptera turn into females, whereas unfertilized eggs turn into males. A virgin female, then, can produce an endless line of sons (and, in the case of pharaoh ants, actually mate with one of her own sons in order to produce females). One other peculiar aspect of reproduction in the Hymenoptera involves polyembryony, characteristic of several families of mostly tiny parasitic wasps. Normally, over the course of development a zygote begins to divide and the proliferating cells unite to form an embryo. At some point in species exhibiting polyembryony, each cell of the embryo becomes autonomous and begins to develop on its own. Thus, one egg can produce dozens of offspring; in some families, a single egg can yield over 1,500 progeny. This reproductive gimmick is one way to take advantage of favorable conditions, producing enormous numbers of offspring from a single egg-laying event.

Thelytoky is another form of parthenogenetic reproduction, in which diploid females produce diploid female offspring without mating. Many aphids are thelytokous for much of their lives. The advantages of thelytoky are abundant: no wasting time finding a mate, for example, or undergoing potentially life-threatening mating. Plus, thelytoky is fast—often inside the body of an aphid not only are her offspring clearly visible but inside the body of the offspring their offspring are also visible. Aphid numbers can thus build up explosively in a short time. Most aphids, however, alternate thelytokous periods with more conventional biparental sexual reproduction.

One other variation on reproduction found in the insects is temperature-dependent sex determination. Certain species of  mosquitoes develop in vernal (spring) pools of water. If larvae are maintained in pools of water at a constant 28°C, every larva in the population will develop into a female mosquito. Apparently, male imaginal discs fail to develop at high temperatures. In some species of butterflies, males predominate at high temperatures and females at low temperatures.

So, even though sex may seem at times a hopelessly complicated process, everything is relative—compared to insects, humans have it easy.




Genetics (designer genes) 

IMMEDIATELY APPARENT TO any entomologist, and even to the casual insect-watcher, is the fact that insects are extraordinarily variable. The same is true for most organisms, actually—no two individuals are exactly alike. The existence of variation is hardly a debatable point, but what generates and maintains variation, and the significance of variation within populations, are not so obvious. For centuries, typological thinking dominated the scientific community, that is, the idea that individuals are mere shadows of ideal “types” (eidos, according to Plato). The prevailing notion was that the essence of an organism is immutable and, hence, the observed variability in the world is of no consequence. This line of thinking, called essentialism, dominated hereditary thinking for centuries. In contrast to the essentialists, Charles Darwin formulated a theory that emphasized the variation rather than the type or essence. To the essentialists, the mean was real and the variations abstract; to Darwin the variations were real and the ideal type was an abstraction. His theory, advanced in 1859 in his book known as On the Origin of Species, was based partly on variations observed in domestic animals and in many different places visited during a five-year voyage around the southern end of South America. This theory involved several elements: that variation exists among individuals, that it is heritable, and that organisms produce more offspring than can possibly survive. Only those individuals with beneficial variations survive, and those beneficial variations that promote survival are passed along to offspring. The transmutation of species and the origin of new species is by accumulation of this heritable variation. The process by which those individuals with heritable traits conferring survival produce more offspring than do those individuals lacking such traits was called natural selection. 

Darwin came to these conclusions by way of a long and circuitous passage. Charles Robert Darwin (1809—1882) was a recent graduate of Cambridge in 1831 when he was offered a position as naturalist on a five-year voyage around the southern tip of South America on the HMS Beagle. Darwin (at least in part due to a tendency toward seasickness) spent much of the trip on land, observing strange and wonderful plant and animal life, recording his observations, reading the books he’d brought along, and just thinking. One of the books he chose for his voyage was by a geologist named Lyell, who proposed that the earth was considerably older than it was fashionably believed to be at the time.

When Darwin returned from his trip, he cranked out several books on a number of assorted topics, including one on coral reefs and atolls, and one on South American geology. He spent about eight years researching and writing a four-volume treatise on barnacles. During this period, he also found time to read a book by Thomas Malthus, an economist who predicted in 1798 that uncontrolled population growth would lead to massive death and starvation since populations inevitably grow to outstrip the food supply.

In 1842, Darwin’s life took a definite turn when he moved with his family to their country home in Kent. He lived the life of country squire and English gentleman (he had by that time married into the fabulously wealthy Wedgwood family), writing when the mood struck. As a country squire, he observed and studied the effects of variation under domestication—breeding dogs and pigeons were popular pursuits of British gentlemen of the day.

In 1859, his idyll was, if not shattered, then at least a little shaken when he received in the mail on June 18 an essay written by a young naturalist named Alfred Russell Wallace. The essay described the theory that Darwin had been elaborating since his return from South America. In less than two weeks, Darwin had also completed a short essay and both papers were presented on July 1 to a meeting of the Linnaean Society (which neither Darwin nor Wallace attended—the papers were submitted by Charles Lyell and William Dalton Hooker). Although the papers received little notice, Darwin was prompted to put together the book on which he had been desultorily working, and, in November, On the Origin of Species by Means of Natural Selection or the Preservation of Favoured Races in the Struggle for Life was published.

Needless to say, the book was an immediate sensation. It was acclaimed by many scientists, who found that the theory of evolution by way of natural selection accounted for otherwise inexplicable  patterns. It created a major furor in religious circles since it did not explicitly embrace church doctrine on a number of issues (not the least of which was the story of how humans came to be). Furor notwithstanding, it’s instructive to note that the book in its first as well as subsequent editions was amply illustrated with examples of Darwin’s observations of insects. Among the phenomena that he found supported his notions of evolution via natural selection were the myriad examples of cryptic (concealing) coloration (“when we see leaf-eating insects green”), homotypism (insects resembling “green or decayed leaves, dead twigs, bits of lichen, flowers, spines, excrement of birds”), and mimicry of toxic butterflies by edible species (“Now if a member of one of these persecuted and rare groups were to assume a dress so like that of a well-protected species that it continually deceived the practiced eye of an entomologist, it would often deceive predaceous birds and insects, and thus often escape destruction”). Wingless beetles on islands and blind insects in caves led him to suggest that “use ... has strengthened and enlarged certain parts, and disuse diminished them; and that such modifications are inherited.... many animals possess structures which can be best explained by the effects of disuse.” He continued on to suggest that “the wingless condition of so many Madeira beetles is mainly due to the action of natural selection, combined probably with disuse. For during many successive generations each individual beetle which flew least, either from its wings having been ever so little less perfectly developed or from indolent habit, will have had the best chance of surviving from not being blown out to sea; and, on the other hand, those beetles which most readily took to flight would oftenest have been blown to sea, and thus destroyed.”

In the interest of equal time, it must also be said that occasionally his observations of insects left him without an explanation. He considered these cases “special difficulties of the theory of natural selection.” The gradual acquisition, by accumulation of small variations, of luminous organs in fireflies was one problem, as well as the apparent lack of physical modification needed by fairyflies, tiny wasps smaller in size than a one-celled amoeba, to adopt an underwater lifestyle. His biggest problem, though, was the neuter, or sterile, caste in insect societies; neuters don’t reproduce so they can’t pass on beneficial variation and thus they posed “the acme of the difficulty; namely, the fact that the neuters of several ants differ, not only from the fertile females and males, but from each other, sometimes to an almost incredible degree.” Darwin himself admitted, “It  will indeed be thought that I have an overweening confidence in the principle of natural selection, when I do not admit that such wonderful and well-established facts at once annihilate the theory.”

Darwin’s theory had another big problem, namely, it did not provide a satisfactory mechanism for generating variation and transmitting that variation to offspring. Darwin proposed the mechanism of pangenesis, which he admitted was a “provisional hypothesis.” According to this hypothesis, each cell in an adult sheds into the blood little copies of itself. These “gemmules” assemble in the reproductive organs to form sex cells. Upon fertilization and embryogenesis, the gemmules convert back to body cells. Pangenesis as a hypothesis was testable and, once tested, was found wanting. When Francis Galton transfused blood between white and black rabbits in an explicit test of the hypothesis, he failed to obtain spotted bunnies as the offspring. Had the hypothesis been correct, transfusing blood should have sufficed as a means of transferring gemmules from black to white rabbits and vice versa.

Unbeknownst to Darwin, and much of the rest of the world, an Austrian monk was conducting experiments that would eventually provide a workable mechanism for the generation and transmission of variation. Gregor Mendel was born in 1822; his early education was in a monastery and he continued his studies in mathematics and science at the University of Vienna. After failing the tests for a teaching certificate, Mendel returned to the monastery, where he remained for the rest of his life. He did not, however, abandon his interest in science. As a monk and eventually an abbot, he pursued a number of studies of plant hybridization in the monastery garden. He chose for his studies the garden pea,  Pisum sativum, a plant that had been known for decades to produce so-called “true-breeding” varieties—varieties that produced progeny identical to the parents. After many different crosses, Mendel made several fundamental observations. First, he noted that plants transfer information from generation to generation, rather than physical properties or material; Mendel called these discrete pieces of information “factors.” He also noted that every individual possesses two different factors for each trait, one inherited from each parent. The two different factors may be identical or they may take on alternative forms. Depending on the form a factor takes, it may or may not necessarily be visible or detectable. Finally, multiple cross-breeding experiments confirmed that the two different factors maintained their integrity in that they remained discrete, “uncontaminated” by other such factors.

From these observations, Mendel formulated two “laws.” His first law, the Law of Segregation, states that the alternative forms of a particular factor remain discrete and segregate during the reproductive process independently. His second law, the Law of Independent Assortment, states that different pairs of alternate factors assort themselves independently—that pea shape (round or wrinkled), for example, is uninfluenced by pea color (green or yellow).

In 1900, Gregor Mendel’s experiments with garden peas were rediscovered and the “gene” (a word coined by W. Johannsen in 1909) replaced Mendel’s “factors” as the physical basis for heredity and carrier of inherited information. In 1902, Walter Sutton proposed the chromosomal theory of inheritance. Since chromosomes (structures of the cell nucleus) segregate during reproduction in the same fashion that Mendel observed factors segregating, then they must be the part of the cell that carries hereditary information. The number of chromosomes in any organism, however, is far less than the number of factors, a problem with the theory that proved to be troubling for several years.

Studies of the gene and of chromosomal inheritances underwent a giant leap forward when in 1909 Thomas Hunt Morgan proposed the use of a small nondescript fly called Drosophila melanogaster  , the vinegar or pomace fly (incorrectly but widely known as the fruit fly), for genetic studies (Fig. 2.5). Easy to rear, the fly completes a generation every ten days; less than half the size of a house fly, it could be raised and housed in large numbers without requiring prohibitive amounts of space. Amazingly unfussy, it could thrive on a diet as cheap and easy to obtain as rotten bananas. It was, in short, the ideal laboratory animal. Thanks to Drosophila,  by 1910 the world had a mechanism for generating variability—the mutation. T.H. Morgan described a mutant form of Drosophila—one not with normal red eyes, but instead with white eyes. Moreover, he determined its mode of inheritance; it was linked to one particular chromosome, which happened to be the X chromosome (a chromosome that males had only one of and females two and that was thought to determine sex), vindicating Sutton’s notion that genes are located on chromosomes that assort independently during reproduction.

Things took off from there—many of the observations made by these early “geneticists” (a new discipline for the twentieth century) today form the basis for modern molecular biology. Many of the most fundamental genetic processes were first observed in fruit flies. Without the enormous number of visible mutations in the  fruit fly, the discovery of many genetic phenomena, including sex-linked inheritance, cytoplasmic sterility, and transposable elements, may have gone undiscovered for years. With only a few specific exceptions, genetic processes that occur in fruit flies are identical to genetic processes in higher organisms, thus making the fruit fly an exceptionally good model species. Today’s great genetic engineering feats—vegetables that resist decay, crops that are invulnerable to frost damage or insect attack, and bacteria that manufacture human hormones—as well as nascent gene transfer therapies to combat birth defects and congenital disorders in humans, effectively originated almost a century ago with rotten bananas and the flies that love them.
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Figure 2.5

Drosophila melanogaster, the vinegar or pomace fly known to generations of geneticists as the fruit fly (D. Voegtlin).
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Chapter 3

BEHAVIOR




Sensory physiology 

... every insect, ant, and golden bee, all so marvellously know their path, though they have not intelligence.

—FYODOR DOSTOYEVSKI, Brothers Karamozov

 

 

 

LIKE ALL OTHER ANIMALS, insects behave. This is not to say they comport themselves in a manner consistent with good etiquette; rather, “behavior” is the ability of an organism to respond to environmental stimuli. The study of behavior is known as ethology, a word derived from the Latin for the “science of character.” The term was used originally in the eighteenth and nineteenth centuries to refer to the sociological study of manners and customs in both human and animal societies. Until comparatively recently, the study of animal behavior was heavily influenced by anthropomorphism, the tendency to attribute to animals traits that are in all probability uniquely human. The concept of the “busy bee” (and, for that matter, the “killer bee”) reflects this attitude. Modern ethologists, however, have made every attempt to divest themselves of human prejudices and instead concentrate on studying the responses of animals to stimuli in the context of their natural environment.

In order to respond to changes in its environment, an insect has to have some mechanism for evaluating its environment. Like most higher animals, insects perceive information about their environment through the nervous system. Most information is received by sensilla, or sensory organs. Sensilla are specialized cuticular structures that are equipped with nerve cells, or neurons. The structure of any given sensillum usually reflects its function; most sensilla are specialized for processing only certain types of sensory information.  Sensilla that are specialized for touch are called mechanoreceptors. Some mechanoreceptors process information about the environment; logically enough, these tend to be concentrated in parts of the body, such as the legs, that are often in contact with the ground. Other mechanoreceptors, called proprioceptors, monitor the position of various parts of the body with respect to each other, so such vital activities as walking, eating, or even copulating can be coordinated. Still others are hearing organs, which detect sound vibrations.

Detection of chemical stimuli is by chemoreceptors; olfactory receptors detect airborne chemical signals (or smells), and gustatory (or taste) receptors detect close-range chemical signals in solution. Chemoreceptors are found in abundance in some not-too-surprising places, from the human perspective—like humans, insects have structures analogous to taste buds in and around their mouths. But insect chemoreceptors also show up in places, such as, for example, on the legs, where humans are conspicuously poorly endowed. Some female butterflies deciding whether or not to lay an egg on a particular plant can “taste” the plant by drumming the leaf surface with their feet, which are studded with chemoreceptors. The feet of the red admiral butterfly (Vanessa atalanta) are about 200 times more sensitive to the presence of sugar than is the human tongue.

Some insects can detect changes in temperature with thermoreceptors. People are not the only ones to appreciate a nice, warm bed; Cimex lectularius, the bed bug, uses thermoreceptors to locate its warm-blooded vertebrate prey. A blood-feeding relative of the bed bug stridulates, or chirps, when it senses the presence of a warm-blooded body nearby. The U.S. Department of Defense actually considered issuing these bugs to soldiers in Vietnam to use as monitors of approaching Vietcong guerillas, although exactly how these bugs were to differentiate friend from foe was never clearly elucidated. Many blood-feeding parasites can also detect changes in humidity using hygroreceptors, or sensory hairs that detect changes in humidity; warm moist breath is a good indicator of the presence of a potential host nearby.

Photoreceptors allow insects not only to distinguish light from dark but also, depending on species, to distinguish shapes and images quite clearly. While some invertebrates have eyes that operate on the same principles as do vertebrate eyes (squids, for example), insects have hit upon their own solutions to seeing things. There are basically two types of insect photoreceptors, or eyes. Simple eyes, or  ocelli, are quite variable in structure but generally consist of a corneal lens made out of cuticle, a crystalline cone to direct light rays, and visual cells, collectively forming a structure called a rhabdom, which respond to light and connect with nerves heading to the brain. Simple eyes are found in different places and in different numbers, depending on species. In caterpillars, several (called stemmata) are found on each side of the head; sawfly larvae have only a single ocellus on each side of the head. In contrast, true bugs have groups of three ocelli, usually on the front or top of the head.

Compound eyes consist of numerous individual light-processing units called ommatidia. Each ommatidium is topped by a cuticular hexagonal corneal lens; the lens is connected to the crystalline cone, which in turn is surrounded by visual cells forming a rhabdom. On the edge of each ommatidium are pigment cells. The number of ommatidia in a compound eye depends on the species and varies from less than a dozen to over 20,000 (as in adult dragonflies). Exactly what image an insect sees with such an oddly constructed eye has been subject to considerable discussion over the years. Current theory has it that insects perceive images as mosaics of light and dark spots (like a newspaper photograph). Popular conceptions of insect vision as single images multiplied thousands of times (as in low-budget insect fear films) are definitely off base. Nonetheless, they have given rise to an optical toy called “The Dragonfly”, consisting of a multiprism dioptric lens that produces “24 upright images of anything viewed” (Van Cort Instruments, Northampton, MA).

Many, but not all, insects can see colors. In general, insect visual pigments are sensitive to a different array of colors than are human visual pigments. As a result, insects can see some colors (such as ultraviolet) in the short-wavelength end of the spectrum that humans cannot see. Bees and ants can also see polarized light, so they can tell the exact position of the sun even when it’s behind a cloud.

Insects, then, are capable of detecting all sorts of environmental stimuli. They are also capable of responding in a tremendous variety of ways to such stimuli. Behavior falls into two major categories: innate and learned. Innate behavior—also called instinct—can be performed with no prior experience and has survival value in that it allows an organism to respond in an appropriate fashion to a particular situation the first time it is encountered. It is certainly true that not all innate behaviors require a brain—after all, one-celled protozoans can respond to environmental stimuli—but it helps.  The more neural circuits are involved, the more flexible the behavior, and the more finely attuned the response to the environment.

About the simplest form of behavior is a reflex, which does not necessarily even involve the brain. A stimulus is detected by a sensory neuron, which conveys a message to an intermediary neuron, which in turn conveys a message to a motor neuron, which initiates a response. Human actions such as sneezes, yawns, and the like involve such simple reflex arcs. Most are all-or-none sorts of things (try stopping yourself in the middle of a sneeze).

Slightly more sophisticated than a simple reflex is a kinesis, an undirected locomotory reaction. The frantic writhing of an apple maggot (the immature form of a picture-winged or true fruit fly) when it is unceremoniously dumped from the dark recesses of apple flesh onto a brightly illuminated picnic table is an example of a kinesis. A taxis is a directed movement either toward (as in positive taxis) or away from (as in negative taxis) a stimulus. The term comes from the Greek tassein, “to arrange.” Tactic behavior requires a sensory system sensitive enough to determine the direction from which a stimulus comes and a locomotory system capable of correction for deviations from a true course.

Taxes come in a variety of forms. Phototaxis is orientation with respect to light. Most species of cockroaches that live in human habitations are negatively phototactic, that is, they run when the kitchen lights go on. Thigmotaxis is orientation to contact. The same household cockroaches like to press their bodies against as many surfaces as possible; hence, their tendency to scuttle in among the folds of paper grocery bags stored in drawers or under sinks. Chemotaxis, orientation to a chemical gradient, allows those cockroaches not only to locate even the tiniest unswept crumb in a kitchen but also to find members of the opposite sex, in order to mate and produce more cockroaches.

A transverse orientation is a behavior in which the body is aligned at a fixed angle relative to the source of a stimulus. The sun, moon, and stars provide stimuli to which many organisms display transverse orientations. Many dragonflies, for example, adjust the position in which they bask in the sun, maximizing their exposure when they need to warm up (as in the early morning) and minimizing their exposure when they are overheated and need to cool down (as after a vigorous flight in midday). The moon and stars serve as navigational guides for flying insects, just as they do for sailors at sea. The development by humans of long-lived point sources of light otherwise unprecedented in nature (such as candle flames  and lightbulbs) offers a partial explanation behind the seemingly bizarre self-destructive tendencies of moths and many other nocturnal species around these light sources. Maintaining a fixed angle relative to a distant point source of light allows for relatively long-distance travel; however, maintaining the same fixed angle to a nearby source of light involves constant directional shifts after only short distances are traveled. Such shifts cause a flying insect to spiral inwards, eventually resulting in singed scales or worse.

Learning is an adaptive change in behavior resulting from experience (rather than from the process of maturation). Perhaps the simplest form of learning is habituation, the elimination of a response in the absence of reward or punishment. In other words, habituation is learning not to respond to a stimulus. Cockroaches are capable of detecting even very slight air movements and initiating escape behavior in response, but it’s often of no benefit to respond to every stray air movement. After a while, if air movements present no danger, cockroaches will cease responding. In some apartments, they are so habituated to disturbance that slamming doors and screaming at them fails to evoke the desired response.

In contrast, probably the most sophisticated learning is insight learning, solving problems by reasoning (or learning without trial and error practice). Insight learning is usually regarded as the epitome of mental accomplishment, probably because people have assumed that it was a uniquely human attribute. However, tool use, a typical example of the application of insight learning, has been documented in ants and other social insects; some weaver ants, for example, use silk-producing aphids as bobbins, shuttling them back and forth between edges of a leaf to stitch them together. Such tool use may be explained away as a series of simple behaviors strung together to create the appearance of careful planning and rational thought, but it still gives one pause with respect to our place in the universe.

It’s very difficult to remain objective about much insect behavior, not only because it often takes place in a context completely different from that of human (and, for that matter, vertebrate) behavior but also because making observations of insect behavior is operationally extremely challenging. Often, the types of environmental manipulations required for allowing careful and precise observation of insect behavior may end up totally disrupting the behavior. Completely understanding insect behavior necessitates perceiving the environment as they do, and since they see, hear,  taste, touch, and smell things differently from the way humans do, much has to be left to the imagination.




Listening to sounds (cheep trills) 

INSECTS PRODUCE SOUNDS for all kinds of reasons, among them to attract or find mates, to communicate danger to other members of their species, to establish territories, to locate offspring or to solicit parental care, and to advertise distastefulness to a potential predator. An amazing variety of sounds is produced in an amazing variety of ways, but basically there are two approaches to insect sound production. Many species have specially modified body parts that are stroked, slammed, or vibrated entirely independently of the environment in order to produce sound; other species must strike parts of their body against the ground or other hard surface in order to make sounds.

Acoustical signals have the decided advantage over other forms of communication of traveling a great distance (and thus covering a lot of territory) and of working under cover of darkness (when visual signals are less effective). The sounds that insects make to communicate tend to be toward the high end of the sound spectrum. This in part reflects the fact that wavelengths produced by living things generally are similar in magnitude to the size of the organism producing them. Humans, for example, produce sounds ranging from 80 to 800 Hz, or wavelengths from 4 to 0.4 meters. Because loudspeakers are most effective when their diameter is greater than 16% of the emitted wavelength, insects with sound-producing organs often go to great lengths to increase their size; mole crickets, for example, use the full length of their subterranean burrows to amplify the signals they produce.

Probably the most well-known of all insect sound producers are the crickets and their relatives in the order Orthoptera. Unlike many animal sounds, the chirp of a cricket really has the technical characteristics of a musical tone. The word “cricket” in fact derives from the sound—it means “little creaker,” from the French  criquer (in Dutch, they’re called krekel and in Chinese kwo kwo). Crickets (as well as other noisy orthopterans) can produce sounds using only their bodies. Throughout the order, different body parts are modified for sound production. In crickets, the forewing is equipped with a thickened vein crossing near the base. Like a file, this vein is etched with from 50 to 300 ridges. On the upper side of the wing is a thick hardened area that serves as a scraper. A  “singing” cricket is simply lifting its wings over its body and pulling the file on the underside of one wing over the scraper on the wing underneath. Adjacent parchmentlike portions of the wing vibrate and help to amplify the sound. The entire process is known as stridulation, from the Latin “to make a harsh sound.” Most species of crickets in the family Gryllidae are right-winged-the right wing is raised and drawn over the left.

Not all crickets are singers. Wingless species (such as those living in bat caves) and wingless individuals of winged species (such as the immature nymphs) are mute. Despite the fact that they possess four fully functional wings, no female crickets sing. This sexual disparity is at least partly attributable to cricket sexual practices. The most conspicuous of all cricket songs is the so-called calling song, used by males for attracting a mate. Each species has a unique calling song, characterized by a particular frequency and pitch, although some species have regional dialects or “accents.” Female crickets are able to recognize the song of males of their own species and can distinguish even very similar calls with great accuracy. Like humans, male and female crickets hear by means of a thin, flat membrane, or tympanum; unlike humans, their tympana are located on the lower part of their forelegs. The tympanum vibrates when it comes in contact with sound waves. Cordlike nerve cells then transmit the vibrations to the auditory nerve, which relays impulses to the brain. The tympanic organs of crickets are sensitive to a broad frequency range extending beyond 20,000 cycles per second—beyond the sensitivity of the human ear but conveniently within the range of cricket stridulation.

The fact that the calling song is genetically programmed and species-specific does not mean that it is entirely unaffected by environmental factors. In many species, the rate of stridulation is profoundly (and precisely) affected by temperature. This relationship is so precise that certain species of crickets can be used reliably as thermometers. In a classic paper published in 1897, titled “The cricket as thermometer,” A. E. Dolbear determined that, for the snowy tree cricket, the number of chirps in fifteen seconds added to 37 will yield the temperature in degrees Fahrenheit. That crickets never caught on as household meteorological aids is due in part to the fact that Dolbear’s formula applies only to a particular kind of cricket—each cricket species must be carefully calibrated before being used to assess the weather.

There is more to a cricket’s repertoire than the calling song; even for crickets, courtship is a complicated business. After the female  locates the male by following the calling song (some songs are audible over a distance of a mile), she touches him with her antennae. The male then begins a courtship song, which induces the female to mate with him. After mating is complete, males of some species break into yet another song (which some investigators refer to as the “triumphal song”). This last song may reinforce the mating bond and stop a female from seeking out another mate before she lays at least a few eggs.

Cricket song isn’t always directed at females; fighting among males setting up territories is often accompanied by the aggressive or rivalry song. In China, crickets are bred for their aggressiveness and territorial combats are actually staged as sporting events (Fig. 3.1). Attending cricket matches (as it were) has been a popular pastime in China since the eighth century. The decline of the South Song Dynasty was attributed in part to the passion of Jia Sidao, the premier, for cricket fighting and his consequent neglect of affairs of state. Even today training and fighting crickets is big business. As soon as immature crickets are old enough to be sexed, males are caged in elaborate houses and solicitously fed vegetables, fruits, chopped fish, and even honey as a tonic (the voiceless females are unceremoniously sold to bird-fanciers as pet food). Champion crickets (shou lip) can pull in lifetime earnings of $20,000 or more  and become national heroes; matches are even televised in Shanghai.
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Figure 3.1

(top) Accommodations for Chinese fighting crickets, containing cricket house with lid on, food rack, and water trough; (bottom) Fighting arena with two combatants (Department of Entomology University of Illinois archives).

In nature, stridulation is not without its risks; while singing certainly makes a male more conspicuous to a female, it also makes a male more conspicuous to potential predators. Certain parasitic flies can orient to the sound of cricket chirping. Upon locating a male cricket, the female fly then lays eggs on him, and the hatching maggots live as parasites inside his body, consuming his vital organs. A male, then, faces a tough decision—if he doesn’t stridulate, he is unlikely to attract a mate, but if he does stridulate, he stands a significant risk of being detected by a parasitic fly and parasitized (talk about fatal attractions). So-called satellite males compromise and hang silently around the periphery of male cricket choruses, hoping to waylay a female on her way in or out.

Cicadas (members of the Homoptera) are also conspicuous chorusers. Only male cicadas are equipped with a pair of drum-like noisemaking structures. There’s a pair of cuticular membranes stretched across cuticular rims on the first abdominal segment of cicadas that are attached to a series of muscles. When the muscles contract, the membrane vibrates and, since the chest cavity is mostly hollow, the vibrations are amplified.

Periodical cicadas, the Methuselahs of the insect world, spend either 13 or 17 years underground as nymphs, sucking on tree sap through the roots (Fig. 3.2). As if by prearranged signals, literally millions emerge over a relatively short period of time and molt into adulthood. Males engage in mass chorusing, and the volume can be louder than the din of a major metropolitan airport; one South African species checks in at over 100 decibels at full throttle. The idea behind the mass chorusing is not only to attract females but also to confuse predators. Since cicadas are absolutely defenseless as far as predators go (no venom, no nasty sprays, not even any dramatic escape behavior), they go for safety in numbers. In such a massive aggregation, any individual cicada enjoys a fairly low risk of being singled out by a predator and eaten.

Probably the most remarkable sound repertoire of any insect is possessed by the Passalidae, or patent leather beetles. These shiny brownish-black beetles live in family groups inside and around rotting logs in forests and woodlands. The eastern North American species Odontotaenius disjunctus possesses a fourteen-signal communication system, a greater repertoire of sounds than many birds. Adults rub the dorsal part of their fifth abdominal segment, which  is rasped, against a hardened fold, etched like a file, in their membranous hind wing. Unlike crickets, both sexes stridulate. Courtship signaling can last twelve hours or longer (mating, the only silent part of the process, takes a mere ten to thirty minutes). Even larvae can make sounds, by rubbing their hind legs against a file on the upper joint of their middle legs.

Many insects must strike various body parts against a substrate in order to produce sounds. Stoneflies (order Plecoptera), for example, make noise with a hammerlike structure on their abdomen that is thumped against the ground. Booklice (order Psocoptera) make a ticking sound by knocking a knoblike device on the underside of their tail against a thin sheet of paper to cause it to vibrate (they can keep this up, five or six taps per second, for an hour or more). The female deathwatch beetle, Testobium rufovillosum  , which makes tunnels in wood inside buildings, strikes its head against the sides of its burrows to make tapping sounds. This ticking was thought to be bad luck in a household: indeed, according to   one nineteenth century author, “the fate of many a nervous and superstitious patient has been accelerated by listening in the silence and solitude of night, to this imagined knell of his approaching dissolution” (Cowan 1865).

Figure 3.2

The (long) life cycle of the periodical cicada (Riley 1869). a. nymph, b. exuvia (cast skin), c. adult, d. oviposition damage, e. eggs.
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Looking around (sights to behold) 

The firefly wakens: waken thou with me.

—A. TENNYSON  Now Sleeps the Crimson Petal  (1847)

 

 

VISUAL SIGNALS ABOUND in the process of mate finding. First of all, characteristic markings provide a visual indication of an appropriate mate. Sometimes the signals are visible to insects but invisible to potential predators. Sulfur butterflies (so-named for their bright yellow wing color), for example, have ultraviolet markings on their wings, which vary with the species. While ultraviolet is a color visible to many insects, it’s invisible to many vertebrates, including people (with the exception of those individuals who have had their UV-filtering lens removed during cataract surgery). Often a complex behavioral repertoire accompanies a pretty face, as visual indicators of a potential mate. Complex rituals of actions and movements constitute courtship in many species. There’s an added element of risk in some predaceous species like spiders—make the wrong move and your potential mate turns you into a meal.

One disadvantage of visual signals is that they are not very effective at night, when predation risks may be lower. Fireflies and a few other groups have gotten around this limitation by using light energy for signaling. A firefly is a beetle in the family Lampyridae (from the Latin for “shining fire”). In the abdomen of the adult beetle is a light-producing organ. Cells in this “lantern” contain a substance called luciferin. When oxygen, piped into the lantern via tracheoles, comes in contact with luciferin in the presence of the enzyme luciferase, it reacts chemically to release energy in the form of light. The light is intensified by a layer of reflector cells that act as mirrors to amplify the light signal. Light production by fireflies is far more efficient than by electric light bulbs; in firefly lanterns, almost 100% of the energy produced by the chemical reaction is released  as light, whereas in an electric light bulb about 90% of the energy is lost in the form of heat. Producing light is a firefly family affair; many larvae, called glowworms, and even eggs, produce a continuous glow.

Adult fireflies control the flash pattern of their lanterns by regulating the oxygen supply to their light organs. Flashes are intermittent, almost never continuous, and each pattern is highly species-specific. Around dusk (depending on the species), males take to the air and fly over vegetation, flashing their species-specific coded signal. Females perched on vegetation reciprocate by flashing back the same signal in response after a short one- or two-second interval. After five to ten reciprocal signal exchanges, the male lands adjacent to the female, and copulation ensues.

Female fireflies in the genus Photuris, however, provide an interesting exception to the statement that every species of firefly has a unique species-specific flash pattern. These females are capable of returning the signal of any number of males of other species. It’s not that they’re promiscuous—rather, they are just hungry. Once they lure a male in, they eat him. These females are aptly known in the scientific literature as firefly “femmes fatales.”

The luminescent properties of fireflies have proved to be an unlikely source of fun and profit for people of many descriptions. The aesthetic aspects of firefly illumination are contemplated throughout Japan, where for centuries fireflies have figured prominently in haiku, a genre of poetry. In contemporary times, firefly festivals, held in August when firefly viewing is optimal, attract 10,000 or more people every year. As for their more remunerative aspects, fireflies are big business in the scientific supply trade. Their lanterns are powered by a substance called adenosine triphosphate (ATP), the biological transporter of chemical energy in most living systems. In the absence of ATP, firefly lanterns can’t flash, so the intensity of a lantern flash can be used as a means of monitoring the levels of ATP present in any kind of biological preparation. Because ATP powers so many different kinds of cellular reactions, a sensitive system for detecting levels of ATP is a useful biochemical tool. Thus it happens that many chemical supply companies are in the firefly business. Desiccated “tails” (actually, abdomens), whole fireflies, and purified luciferin and luciferase can be purchased for prices ranging from $40 for a gram (about [image: 014] ounce) of tails to $75 for a milligram ([image: 015] ounce) of purified luciferase enzyme.




Tastes and smells 

Coming from every direction and apprised I know not how, here are forty lovers
 eager to pay their respects to the marriageable bride born that morning ...
 Are there ... effluvia of extreme sublety, absolutely imperceptible to ourselves and
 yet capable of impressing a sense of smell better-endowed than our own?

—J.H. FABRE, (1907)

 

 

CHEMICALS GOVERN VIRTUALLY every aspect of insect life, from food finding to defense to communication, even to burial of the dead. Chemical signals offer a few advantages over other forms of signals, in particular for relatively small organisms such as insects. First, chemicals work in the dark and are effective around obstacles, conditions under which visual signals are ineffective. Chemical signals also have the greatest range of flexibility in transmission distances. Depending on structure, a chemical signal can be transmitted on contact, at effectively no distance at all (as when a taste receptor is stimulated), or as far as several miles. Moreover, chemical signals can persist in time longer than most other forms of signals—a visual or acoustical signal, for example, is effectively instantaneous, but a chemical signal, again depending upon the structure, can linger for minutes, hours, or even days.

Virtually all organisms to some extent make use of chemical signals, but the class Insecta raises chemical communication to an art form. Chemicals are particularly important in mate location and species recognition. The chemical messages involved in these activities are known generally as pheromones. A pheromone is an intraspecific chemical message—a chemical signal that conveys information from one member of a species to another. In the case of sex pheromones, the information conveyed is usually on the order of “Come and get me, big boy.” Finding a mate is a needle-in-a-haystack proposition for most insects, and chemical messages, with their long transmission range and greater persistence, increase the odds.

Pheromones by and large are produced in glands. Unlike endocrine glands, which secrete their contents inside the body, the exocrine glands that produce pheromones release their products outside the body. Insects are equipped with an enormous variety of glands, associated with virtually every orifice. In most cases, pheromone glands are lined with cuticle, the same inert hardened protein-polysaccharide complex that forms the outer exoskeleton. This inert cuticular lining protects the inner workings of the insect from any potential harmful effects of the chemicals stored inside. In addition  to serving as a manufacturing center and storage depot, glands also act as a delivery system. In order for a chemical signal to be of any use, it has to be dispersed, and insects have developed a diversity of mechanisms for spraying, oozing, or dripping glandular contents to get the message across.

The vast majority of known sex pheromones are produced by females for the purpose of attracting mates. These have been found in over 200 species in at least six orders (including cockroaches, scale insects, moths, butterflies, beetles, flies, and bees, among others). The very first pheromone ever identified from an insect was the female-produced sex pheromone of Bombyx mori, the Japanese silk moth. Bombykol, isolated in 1959, is a typical female-produced sex pheromone in that it is a small molecule, with only sixteen carbon atoms (most proteins, in contrast, have hundreds of carbon atoms). In addition to carbon atoms, sex pheromones also usually contain a few dozen hydrogen atoms and only a handful of oxygen atoms (bombykol has only one oxygen atom). Small size is associated with volatility (the ability to travel in a gaseous phase), which greatly increases the range of the signal. Another characteristic of female-produced sex pheromones is that they are often produced in tiny amounts and are active at extremely low concentrations. Females release as little as a billionth of a gram per hour. In order to isolate and purify bombykol, the abdomens of almost a million virgin females were extracted—and from these only 1.5 mg (only 1/20,000 ounce) of pure bombykol was extracted.

A chemical signal wouldn’t work unless there was an equally sensitive receiver at the other end, and in most cases the chemore-ceptors for female sex pheromones are located on the antennae of the males. The antennae of many moths are sexually dimorphic (that is, different in structure depending upon whether the owner is a male or female). Whereas female antennae tend to be thin and wirelike, the antennae of males are usually bushy or feathery and function like radar screens in that their large surface area is used to screen the skies, not  for sound signals but for chemical signals (Fig. 3.3). The chemoreceptors are highly specific and extremely sensitive—one molecule of pheromone is enough to trigger a chemoreceptor in the antennae of male silk moths. As little as 100 molecules of pheromone in a milliliter of air is enough to start a male off in pursuit of a chemical trail. Males generally orient to a chemical trail by following it upwind toward its source (a behavior known as positive anemotaxis). The area occupied by scent molecules in concentrations sufficiently high to be detected by the receiver is known as the active space. The size and shape of the active space depend not only on the rate and amount of production by the female and the sensitivity of the male but also on general weather conditions. If the wind is blowing, the molecules will be scattered over a greater distance and the active space will be of a different shape.
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Figure 3.3

Antennae of luna moth (J. G. Sternburg).

Sex pheromones are involved not only in mate location but also in species recognition. Species-specific information can be conveyed in a number of ways in a chemical message. First, the chemical contents of the signal convey information. While a sex pheromone may consist of a single unique species-specific compound, more often it is a mixture of components that vary in concentration. Species specificity can be conveyed by varying the relative composition of such a mixture. Even different populations of the same species can have different pheromone blends. For example, female European corn borers (Ostrinia nubilalis) in Iowa use a mixture of two components in a ratio of 97:3, but females of the same species in New York use a blend of the same two components in a ratio of 4:96. The timing of pheromone release is another factor that conveys information about species identity; different species can even use the same pheromone components, as long as they release them at different times of day.

Once mating has been accomplished, females of some species produce substances designed to discourage the advances of additional suitors. Such compounds are called antiaphrodisiacs. Female  Pterostichus lucublandus, a ground beetle, produce a “mace”—methacrylic acid is squirted at males that persist in courting a female that has already mated. In a typical encounter, “a male, receiving the discharge, immediately stops running and tries to wipe the irritant from his face and antennae with his front legs. However, within 10 seconds, his movements become so uncoordinated that he may roll over on his back and be unable to regain footing, his legs become stiff and movement ceases. He remains in this deathlike coma for 1—3 hours but c[irc]a 15—30 minutes after  the first signs of revival, recovery appears to be complete” (Kirk and Dupraz 1971).

In the majority of cases studied, females produce the long-distance attractants and it is up to the males to follow the trail. In some cases, a male can travel several miles in pursuit of a mate. Once he arrives, though, many males make their own contribution to chemical courtship. Males of many species produce sex pheromones, but, unlike the sex pheromones of females, in most cases the pheromones of males are effective only at relatively short range and serve not so much as attractants as excitants—something to put the female in the mood, to make her more likely to accept his advances. This sort of pheromone is accordingly known as an aphrodisiac. Males of at least sixty species, including flies, moths, butterflies, cockroaches, and bees, are known to produce aphrodisiacs.

It has been suggested that males produce aphrodisiacs so that the females can assess their quality as prospective mates. Often the substance serving as an aphrodisiac is a plant-derived poison that is stored in the body of the male; thus protected, he is unlikely to end up as a meal for a bird and is therefore likely to father strong, healthy offspring. In the case of the bella moths and their relatives, males sequester pyrrolizidine alkaloids from their host plants. In fact, without the alkaloids, their pheromone glands (called coremata) don’t even develop properly—they end up twisted and useless, and males possessing such effronteries are invariably rejected by discriminating females.

One interesting variation on the idea of chemical courtship has shown up in a number of orders. In these cases, the signal is not olfactory but gustatory—the male appeals to the female’s good taste. The food enticement can be a glandular secretion, as in the cockroach  Nauphoeta, which has glands under its wings that are licked by the female as the male inserts his genitalia at her nether end. Many males offer a so-called nuptial or wedding gift to the female prior to mating. Female hangingflies (peculiar long-legged insects in the obscure order Mecoptera) have never been observed to hunt or catch prey in nature. Males catch prey, and when they begin to eat, they extrude glands on their abdomen. This musky odor attracts females, who then try to take the prey out of the male’s grasp. While this struggle is going on, the tip of the male’s abdomen is circling around in search of the female’s. Once the connection is made, the male hands over the meal and settles down to copulate. The vast majority of species in which males present wedding gifts are predators; it’s always a risk for a male to approach a carnivorous  female, especially if he doesn’t know when she had her last meal. With the nuptial gift system, she is distracted and, what’s more, nice and well-nourished after the fact so she can fertilize lots of eggs with his sperm. So it’s not exactly the spirit of unselfish gift-giving motivating these males.

Once the act has been consummated, many males also produce antiaphrodisiacs, with the intent of discouraging subsequent males from bothering his mate. Male heliconian butterflies equip their mates with a sort of chastity belt, a large “stink club” that serves two purposes: it blocks the female’s genital opening and it smells so repulsive that other males immediately turn around and fly in the opposite direction without contemplating a sexual advance.

In some species, sex pheromone production is an equal opportunity affair. In these cases, the chemical signals serve as aggregation pheromones, bringing both sexes into the neighborhood. The pine bark beetle Dendroctonus brevicomis has an extraordinarily complex system of chemical signaling. Pine bark beetles are small, cylindrical beetles that carve out tunnels just beneath the bark of pine trees, crisscrossing the living, growing cambium layer. Some of these mines are feeding tunnels, made by adults who digest the soft woody tissue; others are egg tunnels or parent galleries, into which females sequester their eggs; and still others are larval tunnels, carved out by the growing grubs. These little beetles cause damage out of all proportion to their tiny size; their extensive tunneling can quickly starve a tree and cause it to die.

The assault begins when females attracted to volatile pine emissions arrive and release a pheromonal blend of exobrevicomin, a product synthesized by the beetle, and myrcene, a derivative of pine tree resin. These chemicals lure males, who upon arrival release another pheromone, frontalin, which attracts more males as well as females to the tree. Once things get too crowded for comfort (or the competition gets too intense), resident males begin to produce verbenone, which dissuades new males from landing.

The idea of this mass mating frenzy is that only large aggregations of pine bark beetles can overcome the defenses put up by the tree against the beetle. When attacked, a tree produces a copious flow of resin. This resin is life-threatening to the beetles, who stand to drown, or at least get mired, if their tunnels flood. If it is overwhelmed by beetles, however, a tree cannot react with its resin flow. So it’s to every beetle’s advantage to gather at a tree not only for mating but for egg-laying under the bark.

Some aggregation pheromones control not only the location of mating but also the timing of mating by controlling the rate of development. Cockroaches raised in groups grow faster than cockroaches raised in isolation due to the presence of an aggregation pheromone (one reason one almost never finds only a single cockroach in one’s kitchen). Adult larder beetles (Dermestes) produce a fecal pheromone that synchronizes larval molts. Aggregation pheromones may be common among stored-product insects like cockroaches and larder beetles because, in nature, these species are associated with food resources that are unpredictable in time and space. Prior to the human custom of stockpiling food (which dates back only 10,000 years or so), large caches of seeds or grain were few and far between, restricted primarily to rodent nests. Aggregation pheromones provide a mechanism for widely dispersed individuals to find each other and produce offspring at an opportune time, to exploit an abundant resource.

Pheromonal communication is quite complex and sophisticated in many insects; chemical messages serve functions other than reproductive ones. Other types of pheromonal signals include alarm pheromones, which alert fellow members of the species to the presence of danger and evoke escape behaviors. These are common only in the social insects and in parthenogenetic (clonal) species like aphids. Many species of aphids, for example, produce farnesene when threatened, which when perceived by fellow aphids elicits the full complement of escape behaviors (although in an aphid that may amount to nothing more than falling off the branch). Egg-laying females of many species protect the environment in which they oviposit, or lay their eggs, from competitors by depositing an oviposition deterrent pheromone. Apple maggot flies (Rhagoletis pomonella) drag their ovipositor around the surface of an apple after laying their eggs; other females of the same species will avoid laying eggs in that apple for the next three to six days (the end result being that the first maggots to hatch can live out their larval lives in peaceful solitude, without having to worry where their next meal is coming from). In contrast with oviposition deterrent pheromones, which prevent members of the same species from sharing the same food resource, trail pheromones allow other members of the same species to find food. These are common in social insects but also in other species. Eastern tent caterpillars (Malacosoma americanum), for example, lay a chemical trail in their silk that fellow caterpillars can detect at concentrations of  0.00000000001 gram per square millimeter in order to locate branches with an abundant supply of leaves.

Because responses to pheromones are generally so automatic in insects, pheromones provide useful tools in insect control. Insects are relatively vulnerable to misinformation that is chemically conveyed and in human hands misinterpretation can be fatal. Insect sex pheromones have been used to that end in a number of ways: for monitoring (when female pheromones are used to bait a trap and draw in males in order to census the population, particularly in migratory species that may move into an area seasonally); for mating disruption (when female pheromones are released in such enormous concentrations that males in the field cannot locate calling females); and even for the outright taking of life (as when aggregation pheromones are incorporated into sticky traps for population control of stored-product pests). Pheromones provide an attractive alternative to synthetic chemicals for pest control (particularly of stored grain, processed food, or other edibles); they’re biodegradable and hence leave little in the way of residue, they have practically no effects at all on organisms (including humans) other than the target species, and, because they’re effective at extremely low concentrations, they are potentially cost-competitive with synthetic chemicals.
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