


[image: image]



How We Do It


How We Do It

The Evolution and Future of Human Reproduction

ROBERT MARTIN

BASIC BOOKS

A Member of the Perseus Books Group
New York


Copyright © 2013 by Robert Martin

Published by Basic Books,

A Member of the Perseus Books Group

All rights reserved. Printed in the United States of America. No part of this book may be reproduced in any manner whatsoever without written permission except in the case of brief quotations embodied in critical articles and reviews. For information, address Basic Books, 250 West 57th Street, 15th Floor, New York, NY 10107-1307.

Books published by Basic Books are available at special discounts for bulk purchases in the United States by corporations, institutions, and other organizations. For more information, please contact the Special Markets Department at the Perseus Books Group, 2300 Chestnut Street, Suite 200, Philadelphia, PA 19103, or call (800) 810-4145, ext. 5000, or e-mail special.markets@perseusbooks.com.

A CIP catalog record for this book is available from the Library of Congress.

ISBN: 978-0-465-03015-6 (hardcover)

ISBN: 978-0-465-03784-1 (e-book)

10  9  8  7  6  5  4  3  2  1


I dedicate this book to Anne Elise—natural mother par excellence and my best friend


CONTENTS


	 
	Introduction


	CHAPTER 1   
	Sperms and Eggs


	CHAPTER 2
	Cycles and Seasons


	CHAPTER 3
	From Mating to Conception


	CHAPTER 4
	Long Pregnancies and Difficult Births


	CHAPTER 5
	Growing a Large Brain


	CHAPTER 6
	Feeding Babies: A Natural History of Breast-feeding


	CHAPTER 7
	Baby Care: The Broader Picture


	CHAPTER 8
	Monkeying with Human Reproduction


	 
	Acknowledgments


	 
	Glossary


	 
	References


	 
	Index





INTRODUCTION

Alone with their baby for the first time, a new mother and father are flooded with novel emotions and a whole new kind of love. Although they cannot know what they will experience over the weeks and months ahead, they have now experienced firsthand the miracle of life. For them, this moment is one of a kind, a unique event in the history of humankind. Yet to reach this point took not nine months but millions of prior generations. What the mother has undergone and how the pregnancy and mothering will change her, what the father has contributed, and how this tiny, helpless infant will gradually develop into a full-grown adult belong to a story much bigger than theirs. It is the natural history of how human beings reproduce.

Human reproduction has an extensive natural history, and biological adaptations with that kind of pedigree demand our attention. However, the evolutionary background to human reproduction rarely has been examined in depth. This is odd, as successful breeding is the key to evolution.

Furthermore, despite the common assumption that natural is better when it comes to having and raising children, few have thought to ask what is really natural—how did we evolve to reproduce and raise children? In order to answer this question, we must peer millions of years into the past. The features of our reproductive biology evolved in our vertebrate and primate forebears, including the basic anatomy of our reproductive organs, internal fertilization, breast-feeding, and the practice of toting babies around. By understanding how—and in what environment—these features evolved, we can make reproductive decisions that ensure our health and well-being and that of our offspring.

But this book is not about returning to a primitive lifestyle. In today’s world it would be absurd to try to return to the kind of existence led by our primate forerunners or even our gatherer-hunter ancestors. Rather, it will provide much-needed context for our current reproductive behaviors in order to dispel harmful notions, promote practices and technologies that reflect a deep understanding of natural human biology (e.g., the birth control pill), and, most of all, put minds at ease about such fraught topics as breast-feeding duration, different forms of birth control, and attachment parenting. The scientific mysteries explored will, I hope, lead readers to better decisions on their reproductive journeys. Ultimately, my goal is to enhance the richness and naturalness of the reproductive experience by connecting it with the entire history of Homo sapiens, that remarkably equipped primate.

*   *   *

EVERYTHING BEGAN WITH SEX, so that is where the story begins. In Chapter 1 I discuss the evolution of human sex cells and explain why sperms and eggs are so different in size. Why does it take a quarter of a billion sperms to fertilize one human egg? We really need an answer to this question, as there is mounting evidence for a worldwide decline in sperm counts, with rising levels of bisphenol A as a prime suspect for its cause. Chapter 2 is about cycles and seasonality. Why do women, apes, and monkeys menstruate, while most other mammals do not? Are women fertile only during a few days in each menstrual cycle? I explore the implications of seasonal patterns in conception and birth, especially regarding the conflict between our biological clocks and the modern age of electric light.

Chapters 3 and 4 take us from mating to conception. What is natural in human mating—monogamy, harems, or promiscuity? Are our reproductive systems adapted for competition between sperms from different men? Turning to pregnancy and birth, I look at possible evolutionary reasons for the dreaded morning sickness. Did nausea and vomiting evolve to protect the fetus against perils of the mother’s diet? I also explore the mystery of why human birth is uniquely challenging, making help from midwives almost indispensable.

We move on to development in Chapter 5, which focuses on the vital topic of the human brain and how its uniquely large size has been a driver for many adaptations in the way we reproduce and care for our young. Why are human babies born in a comparatively immature state, requiring intensive caregiving? Chapter 6 is a natural history of suckling, in which I suggest that breast-feeding—while certainly not an option in all households today—provides benefits for both baby and mother that proponents of bottle-feeding have yet to match successfully. Chapter 7 opens up to a broader discussion of child care, including a discussion of infant carriage, an 80-million-year-old primate adaptation that laid the foundation for suckling on demand and mother-infant bonding. In Chapter 8, I close with a discussion of how we apply scientific understanding of our reproduction to constrain it through contraception or promote it through assisted reproduction.

*   *   *

WHENEVER I GIVE a public lecture on human evolution, during question time somebody in the audience is likely to ask me what I can say about the future. Evolutionary biology is a largely historical science, and we cannot reliably predict how evolution will proceed. But many medical interventions have reduced or even arrested the action of natural selection. Genetic predispositions that would have been purged by negative selection in the past now slip through the net. For instance, we deliberately bypass natural selection when we combat infertility with assisted reproduction. Individuals with a genetic predisposition for infertility may pass this on to offspring that would not have been born naturally. Fertilizing an egg with a single sperm in the laboratory, for instance, circumvents natural filtering mechanisms. Indeed, reproductive technology has developed to the point where most complications can be overcome, whether it’s infertility, premature birth, or otherwise compromised deliveries. And while we seemingly have found ways to solve many reproductive challenges—to the relief and joy of parents everywhere—delight has overshadowed basic questions about long-term consequences.

This book has roots descending deep into the past and took more than fifty years to germinate from its initial seed. But the core subject of evolution has far, far deeper roots, stretching back more than 3 billion years to the beginnings of life on Earth. So perhaps I have some excuse for taking so long. At any rate, I present here what I hope is a comprehensive examination of the subject, from sex cells to weaning. It is a full reconstruction of our evolutionary past, aimed at providing a better basis for understanding our present and future.

My goal is not to convince you that we have firm answers to any of the questions I have raised, but rather to make you aware of how far we have come in understanding the natural background to human reproduction in the 150 years since the science of evolution—and the exploration of human origins—was launched. One of the key lessons that I have learned from studying the natural world is enormous respect for complex systems that have evolved over millions or even billions of years. With this book, I would like to share that powerful feeling with fellow parents everywhere, past, present, and future.


CHAPTER 1

Sperms and Eggs

Where do babies come from?” Many parents sidestep a truthful answer to this innocent childhood question, instead mumbling about storks or gooseberry bushes. But until only three hundred years ago any answer would have been a fairy tale. In antiquity, pregnancy was thought to result from mixing semen with menstrual blood. At first contact a few modern populations, such as the Arunta tribe of Australia and the Trobriand Islanders of Oceania, reportedly still had not connected copulation to pregnancy, although it later emerged that Trobrianders also believed that mixing semen with menstrual blood led to pregnancy. We don’t know how and when people first recognized the link between sex and pregnancy, but it was probably not far back in prehistory. The domestication of mammals, starting around 10,000 years ago, must have yielded telling clues, with a basic grasp of reproductive biology being one early by-product of animal husbandry. Procedures such as castration, widely used to reduce aggression in male mammals, would have led to additional insights. Yet conception and birth are nine months apart in humans, so a major breakthrough was needed to recognize the link. Even then, fanciful notions regarding reproductive mechanisms persisted long afterward.

The discovery of sex cells—the essential elements of conception—did not occur until the seventeenth century, when Dutch tradesman-scientist Anton van Leeuwenhoek first observed sperms with a microscope in 1667. At first he mistook them, thinking they were tiny parasites that had contaminated the seminal fluid. Mammal sperms are invisible to the naked eye, so until van Leeuwenhoek and other pioneers developed microscopes strong enough to see them, it would have been impossible to understand their part in conception. Although mammal eggs are thirty times wider than sperms and just visible to the naked eye (about the size of the period at the end of this sentence), they were discovered much later. German biologist Karl Ernst von Baer, the founder of embryology, published the first report on eggs from humans and sundry other mammals in 1827. In fact, it was von Baer who, that same year, coined the term “spermatozoon” from the Greek sperma, “seed,” and zōon, “living thing.”

Furthermore, it took some time before anyone recognized the purpose of the sex cell. For centuries, people believed that organisms emerged directly from lifeless matter through spontaneous generation—for example, maggots arising from rotting flesh. It was not until the eighteenth century that, through a series of eccentric experiments, Italian priest and natural scientist Lazzaro Spallanzani provided the first clear evidence against spontaneous generation and proved that sperms were needed to fertilize eggs. In the 1760s, he fitted male frogs with tight-fitting taffeta pants to show that eggs would not develop into tadpoles unless sperms were shed into the surrounding water. This, it seems, was the first experimental demonstration of barrier contraception. Fertilization occurred only when Spallanzani retrieved semen that had been discharged into the pants and painted it onto the eggs, demonstrating the principle of artificial insemination as well.

The discovery of the mechanisms of sexual reproduction thus occurred quite recently in human history. Yet while we know a lot about making babies, we don’t know very much about why we make them this way. At all levels of complexity questions arise regarding human sex and sex cells. To start with, it is not obvious why sexual reproduction occurs at all. Surely self-replication would be simpler, more reliable, and less messy. Furthermore, why do humans produce distinctive male and female sex cells?

For clues to these questions, we need to broaden our view and look at how and why sexual reproduction evolved in our ancestors. We are used to comparing ourselves with other primates, but some of our more basic reproductive features can be traced to previous stages of animal evolution that stretch far back into the geological past. In this chapter I examine some very early stages in the evolution of life in our quest to reach a full understanding of human sex cells.

*   *   *

A BASIC QUESTION THAT HAS long puzzled evolutionary biologists is why sex exists at all. Sexual reproduction is widespread, especially among organisms most familiar to us, yet it appears at first to present an evolutionary enigma. If an organism replicates itself without sex—for example, by dividing or budding—all offspring will have the same genes. By contrast, when an organism breeds sexually, each offspring has a mixture of genetic material, half from one parent and half from the other. So unless a major benefit offsets the cost of producing offspring with 50 percent of their genes from another individual, sexual reproduction should be at a severe disadvantage under natural selection. But because sexual reproduction is so common among animal species, you might expect that it must have some strong and systematic advantage. And you would be right. The most likely explanation for the prevalence of sexual reproduction is that the fusion of two sex cells from different individuals generates variability by mixing genes. Variety is not just the spice of life but its very essence. Natural selection simply cannot work without it; without variation, evolutionary change is impossible. Breeding without sex, also known as cloning, has a significant drawback: Without fertilization to ensure a chance reshuffling of genes, variation can arise only as mutations accumulate—slowly. The question is whether the advantage of variability supplied by sexual reproduction is enough to offset the disadvantage of producing offspring with half of their genes from a sexual partner. Various experiments with simple organisms have indicated that sexual reproduction does, indeed, have an edge. It permits a more rapid response to new selection pressures under changed environmental conditions. In other words, it allows species to adapt more readily to external changes—and humans are nothing if not adaptable.

This reshuffling of genes is important for an individual’s ability to cope with threats from other organisms. For instance, if natural selection favors predators that can run faster to catch their prey, it will also favor the evolution of faster-running prey to improve their chances of escape. Evolutionary biologist Leigh Van Valen famously recognized this ongoing arms race between interacting species in what is now widely known as the Red Queen principle. This name comes from Lewis Carroll’s iconic children’s book Through the Looking-Glass, in which the Red Queen tells Alice: “It takes all the running you can do, to keep in the same place.” In other words, a species often must evolve rapidly simply in order to maintain its niche in the natural environment, and sexual reproduction allows it to do so. Simple enough, but Van Valen—an iconic figure at the University of Chicago who was adored by students—encountered resistance from established journals when he tried to publish his paper announcing the Red Queen principle. In response he launched his own journal, Evolutionary Theory, and published his seminal idea in a paper entitled “A New Evolutionary Law” in the first issue in 1973. That once “unpublishable” notion, rebuffed in the lottery of peer review, is now one of the established principles of evolutionary biology.

However it evolved, sexual reproduction is now dominant in living organisms and is virtually universal among animals with backbones: fish, amphibians, reptiles, birds, mammals. It is therefore safe to conclude that it was already established in a common ancestor around 500 million years ago. Yet with the evolution of land-living reptiles, birds, and mammals arose an important innovation: internal fertilization. Fish and amphibians can simply release eggs and sperms into the water around them, and fertilization takes place externally. By contrast, the common ancestor of land-living vertebrates developed internal fertilization as a crucial adaptation to life away from water. Special adaptations to protect developing offspring also accompanied the shift to dry land. Most reptiles, birds, and monotremes (the platypus and echidnas) lay eggs with shells that resist drying. Marsupials and placentals went one step further, developing internal development leading to live birth (vivipary).

*   *   *

TO UNDERSTAND THE EVOLUTION of sex cells, though, we must reach much farther back in time. A fundamental early transition in evolution, almost 1.5 billion years ago, occurred with the rise of single-cell organisms with a proper nucleus. Inside the nucleus were chromosomes that carried most of an organism’s genetic material, in the form of deoxyribonucleic acid, or DNA. In an unusual development accompanying the evolution of cells with a nucleus, bacteria that were once free-living became permanent residents in the cell substance surrounding the nucleus—with far-reaching implications for the evolution of all animals and plants.

Over time, the resident bacteria transformed into mitochondria, which are often described as cell powerhouses because they play a direct part in energy turnover. Intriguingly, DNA comparisons have revealed that mitochondria are quite closely related to the Rickettsia bacterium that causes epidemic typhus in humans. We do not know whether mitochondria originally had some mutually profitable arrangement with the host cell or whether they were simply captured and enslaved. What we do know is that the host cell provided them with accommodation, food, and protection in exchange for energy production round the clock. All the bacteria lost was their freedom.

So mitochondria evolved as stripped-down bacteria. As an inheritance from its free-living ancestry, each mitochondrion retains a few ring-shaped gene sets. These rings are passed on separately from genes carried by chromosomes in the host cell’s nucleus. As a result, all nucleus-containing cells, including those of humans, have two separate gene sets: a nuclear genome and a mitochondrial genome. In both cases, most individual genes prescribe the composition of specific proteins. However, the gene sets of mitochondria have gradually diminished over the hundreds of millions of years since they became permanent residents of cells with a nucleus. In mammals, for example, each mitochondrion now retains only thirteen protein-coding genes from an original set of about fifty. Proteins produced by those thirteen genes are all enzymes connected with energy turnover, which is why mitochondria are known as cell powerhouses.

Another milestone for both animal and plant reproduction was the evolution of bodies containing multiple cells. This transition occurred more than 600 million years ago. The presence of many cells in an individual body soon led to division of labor: different cells specialized to perform different functions. A human body contains about two hundred different kinds of cells, including separate sex cells for reproduction. In some organisms, such as backboned animals, a separate, everlasting lineage of founder cells (the germ line) developed to produce sex cells. A distinct germ line maintains continuity from generation to generation, regardless of what happens to the rest of the body. In this way, a body can be seen as a temporary structure that enables the germ line to fulfill its fundamental task of reproduction in each generation. Evolutionary biology therefore has a convincing answer to that age-old conundrum: “Which came first, the chicken or the egg?” The egg, of course, came first. Chickens, like people, evolved so that one egg could lead to another.

In a further step connected with the origin of germ lines, most but not all multicellular organisms also developed a sexual division of labor, with females producing eggs and males producing sperms. In some species, single individuals produce both sperms and eggs and are known as hermaphrodites, with a nod to the Greek myth of Hermaphroditus. Humans, on the other hand, follow the standard model, with women producing eggs and men sperms. From this fundamental difference stem all of the physiological and anatomical variations between the sexes.

*   *   *

WE TAKE IT FOR GRANTED that sperms are small and churned out in large numbers, while eggs are substantially larger and frugally produced. A man produces a multitude of tiny sperms, the smallest cells in his body, while in each cycle a woman usually releases a single egg, the largest cell in hers. The average human ejaculate, amounting to just over half a teaspoon, contains about a quarter of a billion sperms. And here is one of the lasting mysteries of human reproduction: Why are hundreds of millions of sperms needed if only one will ultimately fertilize each egg? I rather like the dismissive response: “Because not one of them will ever stop to ask the way.” In all seriousness, though, it is not clear why the numbers of sperms and eggs produced differ so enormously. After all, sexual reproduction presumably started with two similarly sized single-cell organisms fusing and then dividing. Why, then, do many-celled organisms typically produce a multitude of small sperms but far fewer, larger eggs? This problem, which has long puzzled evolutionary biologists, still awaits satisfactory resolution. Natural selection may favor the production of hordes of sperms by males because it permits a genetic lottery at fertilization. But production of many small sex cells by both sexes may make it difficult for the cells to meet up for fertilization. It could be simply that the optimal solution to this biological “problem” may be a large egg serving as a sitting target for a multitude of tiny sperms. Moreover, the number of offspring produced in each batch—for example, the litter size in mammals—is also under selection. Thus the production of small numbers of eggs may provide an effective means of regulating breeding output, which will be subject to natural selection exerted by available resources.

However it evolved, successful human fertilization definitely needs large numbers of sperms. Research by infertility clinics in the 1950s revealed that men are commonly infertile if total sperm counts in an ejaculate remain persistently below 70 million. But above a certain level, sperm counts and fertility are not tightly linked. A 1953 study by medical endocrinologist Edward Tyler showed that the rate of conception improved progressively as sperm counts increased from 70 million up to 200 million per ejaculate, but the conception rate then leveled off. Recent studies have reinforced these findings. In 1998, a team led by occupational medicine expert Jens-Peter Bonde published a study of some four hundred first-pregnancy planners, examining the association between semen quality and the likelihood of conception per menstrual cycle. As total sperm counts increased up to 125 million, conception probability increased from zero to 25 percent, but no further increase occurred with higher sperm counts. Soon afterward, in 2002, a team led by public health researcher Rémy Slama examined the relationship between sperm counts and time to pregnancy in almost 1,000 fertile couples living in four European cities. Couples achieved pregnancy more and more rapidly up to a total sperm count of around 200 million, but not beyond that level. Complementing these findings, in 2010 andrologist Trevor Cooper and colleagues examined semen samples from almost 5,000 men in fourteen countries spread across four continents to provide reference values on behalf of the World Health Organization. For pregnancy to be achieved within a year, a lower limit of some 60 million sperms per ejaculate was identified. Overall, it seems that between 60 million and 200 million sperms per ejaculate are required for normal fertility. Although we still do not know why this is so, it is at least obvious that vast numbers of sperms are needed. Other mammals show similar requirements. An ingenious study of pregnancies arising from natural mating in sheep revealed a comparable fertility threshold of about 60 million sperms per ejaculate; below that threshold, the pregnancy rate dropped sharply from about 95 percent to around 30 percent.

*   *   *

HOW DO SPERMS EVER MANAGE to reach the egg they need to fertilize? Again, it helps to look at our mammal relatives, as examination of their reproductive anatomy reveals an odd characteristic not present in humans—a bone inside the penis. The penis bone is unusual in two ways: It is by far the most variable bone between species, and it is never attached to any other bone. Most primates, bats, carnivores, insectivores, and rodents have a penis bone. It is particularly prominent in many carnivores. In a big dog, it can be some four inches long, but the acknowledged record holder among modern mammals is the walrus, which has a penis bone up to thirty inches in length. This awe-inspiring bone, known as an oosik in Alaska, has been widely used for carvings and rituals. Speaking of rituals, the originally all-male Tetrapods Club in London (to which I belonged long enough to vote for the admission of women) symbolically used a walrus penis bone as a gavel. On the other end of the spectrum, a raccoon penis bone is readily obtainable over the Internet, at least in the United States. Just type in “mountain man toothpick.”

Not all mammal groups have a penis bone. Marsupials, rabbits, treeshrews, elephants, sea cows, hoofed mammals, dolphins, and whales join humans in lacking this distinctive feature. Because of the penis bone’s patchy distribution, its evolutionary history is uncertain. Perhaps the common ancestor of placental mammals had one and it was then lost from multiple lineages, or maybe it evolved independently in five or more groups of placental mammals. To add to the confusion, the penis bone is irregularly distributed among primates. Among lower primates, it is present and often quite large in all lemurs and lorises but absent from tarsiers. Most higher primates (simians) have a penis bone, but certain New World monkeys and humans are exceptions. All Old World monkeys and apes have one, although it is large in some species yet small in others.

A penis bone likely was present in ancestral primates and then retained, although somewhat downsized, in ancestral simians. A few Old World monkeys, such as mandrills and certain macaques, have a notably large penis bone, probably as a secondary development that harks back to the ancestral primate condition. The size of the bone differs markedly between macaque species, and this variation has been attributed to differences in mating behavior. As all apes have only a small penis bone, complete loss during human evolution ended a reduction process that was already under way. I once mentioned to an Australian colleague—an authority on penis bones in bats—that the complete absence of a penis bone in humans is an intriguing evolutionary puzzle. His laconic reply was: “Speak for yourself!”

Primatologist Alan Dixson has performed comparative studies revealing that a large penis bone is generally linked to prolonged mating. So it is reasonable to suggest that early primates, who had a large penis bone, mated for longer periods of time than modern primates, and as mating time became shorter, the penis bones became smaller, eventually disappearing completely in the human lineage. In other words, natural selection favored relatively brief copulation. Indeed, a large-scale multinational study published in 2005 by psychiatrist Marcel Waldinger and colleagues confirmed that human copulation lasts five minutes on average, although it may rarely last as long as forty-five minutes.

In addition to offering insight into the behavioral evolution of human copulation, the absence of a penis bone may also offer a new interpretation of the origins of the biblical story of Eve’s creation. The tale—of Eve being created out of one of Adam’s ribs—is of course figurative, but a 2001 paper by biologist Scott Gilbert and biblical scholar Ziony Zevit introduced a new angle. The Hebrew word tzela, translated as “rib” in the English version of the Bible, actually has several meanings, including a kind of supporting strut. Gilbert and Zevit proposed that the word tzela possibly referred to the penis bone, which is indeed absent, rather than to one of the ribs, which are all present and correct in a man’s skeleton. Still, it is not clear how the originators of the biblical tale could have known that humans are unusual in lacking a penis bone. Among domestic beasts, all hoofed mammals also lack one. As already noted, it is prominent in dogs, yet quite small in cats. Thus any notion that the human penis has lost a bone must have come from comparisons with dogs.

*   *   *

EVERY MALE MAMMAL HAS a penis that can be stiffened for internal fertilization and, during mating, used to ejaculate millions of tiny sperms into the female reproductive tract. These two features of human reproduction date back to ancestral mammals more than 200 million years ago. Some basic features of sperm structure and production have even earlier origins. For instance, like other animals with backbones, mammals have a pair of testes containing sperm-producing tubules. Until released at ejaculation, sperms are stored in the tail end of a tightly coiled tubular annex, the epididymis. If laid out, a human epididymis would measure around twenty feet, the length of an average parking space, and sperms take two to three weeks to travel through it. Typically it holds a supply of about 400 million sperms.

Each tubule in the testis produces sperms in cyclical fashion. In humans the process takes about eleven weeks, the longest known duration for any mammal. Because individual batches of tubules are at different stages of sperm production at any one time, an active testis produces a continuous supply of mature sperms. In seasonally breeding species, the entire testis can be shut down and greatly reduced in size for part of the year; for example, most Madagascar lemurs have a strict breeding pattern and their testes shrink drastically outside the mating season. In the lesser mouse lemur, testis volume grows to ten times its normal size during the annual mating period. Other mammals, like humans, breed throughout the year, so the adult testis is continuously active. In the average human male, from sexual maturity onward, the two walnut-sized testes produce about 150 million sperms every day. This is equivalent to 1,500 sperms for every heartbeat and adds up to over 4 trillion over a typical male’s life span. Nevertheless, although humans lack a restricted breeding season, there is still a detectable annual cycle in testosterone levels and sperm production, which I’ll discuss in the next chapter.

A sperm always has three main parts: a head containing the nucleus, a midpiece packed with mitochondria (effectively a fuel tank), and a tail that propels the sperm for part of its journey toward the egg. Chromosomes are exceedingly tightly packed in the nucleus of the sperm head. Genes are inactivated because condensed, almost crystalline DNA is wrapped around special proteins. Although individual sperms are organized in the same basic way in all mammals, shape varies enormously between species. Astonishingly, although sperm size, too, varies quite widely between species, there is no general trend for an increase with body size: Sperms of mouse lemurs, rats, humans, elephants, and whales are all quite similarly sized. Indeed, there is actually a minor tendency for sperm size to decrease in larger-bodied mammals.

*   *   *

IT IS OFTEN CLAIMED that the word “testify” comes from an ancient Roman custom in which a man would clutch his testes in his right hand before giving evidence in court. Regardless of the origins of this claim, it is undisputed that the Latin word testis originally meant “witness,” and any human male can testify that the testicles are located in a risky place. To reduce the risk of injury, sumo wrestlers in Japan reportedly learn to massage their testes into the exits of the canals from the abdominal cavity, while British cricketers at bat wear a protective box to counter the threat of aggressively fast bowling with a hard missile. Descent of the testes into scrotal sacs outside the main body cavity is a truly extraordinary development that demands explanation. Why do human testes descend into such a hazardous position?

In all mammals, the reproductive and urinary systems develop in close association. As a result, the testes start to develop alongside the kidneys, high up in the belly cavity. Testes must therefore migrate backward and downward to end up in pouches outside the body. After moving through the belly cavity, each testis passes through an inguinal canal into an external scrotal sac. Carrying the testes outside the belly cavity is a special feature found in most mammals, although never in other animals. It is typical of all primates, including humans.

One explanation for descent of the testes, proposed in all seriousness, is that when higher energy turnover evolved in early mammals and they began to run around, their testes descended because of the pull of gravity. When I first read this suggestion, I at once pictured other, heavier body organs—heart, stomach, kidneys—swinging around in special pouches beneath the body, an absurd image. A related but somewhat more serious suggestion is that testes descend in some mammals to avoid concussion from pressures generated in the belly cavity by intense activity. Again, this reason would surely apply to other internal organs.

The generally favored explanation has been that testes descend to escape the raised core body temperature that characterizes all mammals. It is often stated that sperm production cannot occur at an elevated temperature. At first glance, some evidence appears to support this notion. When descent of the testes occasionally fails in humans, it is called cryptorchidism. Cryptorchid testes are generally well below normal size. About 3 percent of newborn boys have undescended testes, and in premature babies the condition is even more common. Although in 80 percent of cases the reluctant testes descend during the first year of life, and during later development in most of the remainder, if a testis remains in the belly cavity after puberty, sperm production is suppressed and surgical intervention is needed to restore fertility.

Human testes, like those of all other primates, reside outside the belly cavity at a lower temperature because of an adaptation that was already present in their common ancestor 80 million years ago. It is hardly surprising, then, that abnormal retention in the belly cavity suppresses sperm production, even if descent of the testes evolved for some other reason. As a counterpoint, there are many cases in which sperm production takes place despite an elevated body temperature. Birds, for example, never have descended testes, yet their average core body temperature is even higher than in mammals. Moreover, although most mammals have descended testes, there are many exceptions. In those animals, the testes remain in the belly cavity, often close to their original location near the kidneys.

Mammals that keep their testes in the abdomen do not have lower core body temperatures than mammals with descended testes, so we can dismiss the notion that an elevated body temperature must block sperm production. In fact, various findings indicate that testis descent is connected not with the production of sperms but with their storage. As already noted, mature sperms are stored until ejaculation in the tail of the epididymis, alongside the testis. In some mammals, the testis itself does not descend, but the tail of the epididymis migrates to end up against the ventral belly wall. Even in mammals in which both testis and epididymis descend, the epididymis leads the way and also consistently descends farther. Moreover, scrotal skin over the epididymis, but not over the testis itself, is often hairless and hence more easily cooled. It has been convincingly argued that the lower temperature in a descended epididymis increases availability of oxygen for stored sperms.

Evidence from birds also supports a link between sperm storage and the descent of testes in mammals. Birds store their sperms in seminal vesicles, functionally equivalent to the epididymis in mammals. In certain songbirds the seminal vesicles are contained in sacs close to the root of the penis, a location several degrees cooler than the core body temperature. Songbirds generally have relatively higher energy turnover than other birds, so perhaps sperms of some species are stored at a lower temperature for reasons similar to those that led to descent of testes in mammals. Nevertheless, the fact remains that most birds can both produce and store sperms at a relatively high core body temperature. So some special factor must have contributed to widespread descent of testes among mammals. Reliable storage may be a special challenge for mammal sperms because they need to travel a long way to fertilize a small egg.

The testis normally becomes active when a male reaches adulthood. Indeed, that is when testes usually descend into the scrotum in mammals. Primates are exceptional in this regard: Their testes are already descended at birth. In newborn males, the testes are at least low down in the belly cavity close to the inguinal canals, and typically have already migrated into the scrotum. In humans, the testes of a male fetus remain inside its abdomen until about the seventh month of pregnancy, but they are typically fully descended by the time of birth. Early descent of testes in primates is all the more surprising because, compared to other mammals, primates generally take longer to reach sexual maturity. Then why are primate testes descended at birth even though they will not produce sperms for some considerable time? The only available clue is that in all primates studied to date, male infants show a spike in the hormone testosterone around the time of birth. Perhaps this is an important new development in primate evolution, signaling an infant’s sex and helping a mother to discriminate between newborn sons and daughters.

*   *   *

AS MENTIONED ABOVE, it has long been recognized that heating harms human sperms. Indeed, Hippocrates mentioned this in two of his aphorisms. A man’s testes in the scrotal pouch are only about 4°F cooler than his core body temperature, but that is enough to tip the balance between fertility and infertility. This raises the intriguing possibility that heating testes might reduce fertility and perhaps even furnish a simple method of birth control. Fertility expert John MacLeod, together with colleague Robert Hotchkiss, specifically tackled this topic in a 1941 paper. They applied dry heat using a fever therapy cabinet that enclosed a subject’s whole body. Raising a man’s body temperature while simultaneously increasing ambient temperature in this way led to a marked decline in sperm production. Disruption by heating took almost three weeks to take effect but then persisted for around two months.

It took some time before this technique was pursued further. Eventually, in 1965, fertility researchers John Rock and Derek Robinson published results from experimentally heating the scrotum in normal men. Among other things, they noted that immersion of subjects up to the neck in hot baths (110°F) made the scrotum about 2°F warmer than the core body temperature. In one experiment, for six weeks or more individuals wore insulating underwear that reduced the difference between scrotal and core body temperatures to 2°F instead of 4°F. In all cases, sperm counts began to decrease after about three weeks and reached their lowest levels between the fifth and ninth weeks. Low sperm counts persisted for three to eight weeks after the men stopped wearing the insulating underwear, and sperm counts returned to normal by three months after the treatment ended. Particularly interesting were the results obtained from the twenty men who started out with low sperm counts. Between two weeks and four months after the scrotum had been immersed in hot water for thirty minutes on six alternating days, sperm counts fell. In nine of the men, sperm counts later rebounded to higher levels than before treatment, and the wives of six of those men conceived within five months after treatment began.

A 1968 follow-up publication by Derek Robinson, John Rock, and Miriam Menkin reported on experiments in which the scrotum of human subjects was heated for thirty minutes by exposure to a 150-watt electric lightbulb on fourteen consecutive days. This procedure at first depressed sperm production, but temporary rebounds in sperm counts ensued. A couple of weeks after heating with the lightbulb, an ice bag was applied to the scrotum for about half an hour on fourteen consecutive days. This cold treatment, which reduced the temperature of the scrotum by just over 12°F, stimulated sperm production without any initial decline, nearly trebling the mean count measured at the outset. In sum, heating the testes decreased sperm counts, whereas cooling increased sperm production. These results suggest a direction for treating certain kinds of male infertility. Since Rock’s time, a few studies have examined heating of the testes as a form of birth control. For instance, in 1992 surgeon Ahmed Shafik reported that wearing a polyester sling applied to the scrotum around the clock for an entire year suppressed sperm production after about five months. However, although the effect was shown to be reversible, the method has not led to any practical application.

*   *   *

HEATING THE SCROTUM, even by a few degrees, evidently can impair sperm production, so the next question to ask is whether certain activities or occupations might depress sperm counts. There have, for instance, been several medical reports that tight-fitting underwear can diminish semen quality. One study, reported by gynecologist Carolina Tiemessen and colleagues in the Lancet in 1995, specifically set out to test this. In a random sequence, nine volunteers—who all renounced hot baths, saunas, and electric blankets—wore either loose- or tight-fitting underwear around the clock for six months. Sperm counts and motility differed significantly between the two conditions. Average sperm counts were normal with loose-fitting underwear but almost halved with a tight fit. Sperm motility was affected even more, falling by two-thirds when men wore tight-fitting underwear.

Another suggestion that has been made is that driving a vehicle for extended periods may overheat the scrotum and reduce sperm counts. In 1979, fertility researchers Mihály Sas and János Szöllősi reported on a study of around 3,000 patients, including some three hundred professional drivers who showed substantially higher levels of disrupted sperm production. While deterioration of sperm production was relatively mild among car drivers, impairment was more pronounced in operators of industrial machinery and farm equipment. Moreover, the incidence of severe cases increased in proportion to the number of years spent driving. Among a hundred men who had been professional drivers for more than eight years, only four showed a normal sperm profile. Sas and Szöllősi discussed various reasons for disrupted sperm production, including pollution, but oddly did not raise the issue of scrotal heating.

Taxi drivers in Rome also became a focus of study. In a 1996 paper, a team led by industrial medicine specialist Irene Figà-Talamanca studied the effects of prolonged car driving. In comparison to controls, taxi drivers had a lower proportion of normal sperms (though sperm counts and motility were unaffected), and the effect was augmented with increasing time on the job. Subjects with poor sperms more frequently showed an extended delay before their partners became pregnant. Using statistical techniques, the researchers excluded various potential confounding factors. The good news is that one of those factors—moderate alcohol consumption—was actually associated with a small improvement in the semen profile.

Unsurprisingly, regular use of saunas can adversely affect sperm production. Appropriately enough, Finnish gynecologist Berndt-Johan Procopé published a pioneering paper on this topic in 1965. He observed a temporary, reversible decrease in sperm counts in a dozen men exposed to hot saunas for a total of about two and a half hours spread over a fortnight. Within a month or so after treatment ended, sperm counts had fallen by about half.

Men may overheat their testes in various other ways. A recent offender is a hot laptop computer, the effects of which were examined by urologist Yefim Sheynkin and colleagues in 2011. With twenty-nine healthy male volunteers, temperatures of the scrotum, of a laptop computer, and of a lap pad were recorded during three separate one-hour sessions, each with different conditions. Scrotal temperature increased under all three conditions, regardless of leg position or the use of a lap pad. The increase was lowest, only 2.5°F, when subjects sat with a pad beneath the laptop and their legs seventy degrees apart. The greatest increase, almost 4.5°F, occurred when the legs were held closely together without a lap pad, while an intermediate rise occurred when a lap pad was present. This study did not investigate the effects of scrotal temperature increases on semen quality, but studies of other kinds of heating indicate that prolonged use of a laptop may impair fertility, especially if the legs are pressed together and the computer is placed directly on the lap.

*   *   *

IN SOME MAMMAL SPECIES, social stress can disrupt normal testis function. An experimental study of treeshrews conducted by behavioral physiologist Dietrich von Holst revealed extreme effects. When two males are caged together, one becomes dominant over the other within a few hours and the subordinate male increasingly shows symptoms of stress. As exposure to the dominant continues, the effects become progressively more severe. One early response is retraction of the testes from the scrotum back into the belly cavity. If the dominant male is removed, the testes quickly return to the scrotum and no lasting harm is done. Longer-lasting testis retraction shuts down sperm production, and actual physical decay of the testes eventually follows—the submissive male is emasculated.

Responses to social stress are not so extreme in men. However, psychological stress may affect human testes and sperms more subtly, leading to reduced fertility. As is well known, infertility is itself a major cause of psychological stress, and so infertile couples may become locked in a vicious circle. Apart from that, various lines of evidence indicate that even moderate psychological stress can impair fertility in men, lowering testosterone levels and disrupting sperm production.

War theaters, of course, generate extreme psychological stress. One American study compared semen characteristics of more than three hundred Vietnam veterans with a similar sample of veterans who served elsewhere. Vietnam veterans had significantly lower average sperm concentrations and fewer sperms with a normal head shape, although sperm motility did not differ. Despite these observed differences in sperm features, Vietnam and non-Vietnam veterans reportedly fathered similar numbers of children. In 2008, gynecologist Loulou Kobeissi and colleagues published another war-related example with more striking results. The authors used information from two infertility clinics in Beirut to investigate long-term impacts of the fifteen-year civil war in Lebanon. They compared 120 infertile men with 100 fertile men as controls. Infertile men were almost 60 percent more likely to have lived through the Lebanese civil war and to have experienced some kind of war-related trauma. The effect was attributed to wartime experiences and postwar exposure to various risk factors, including toxins and injuries, as well as stress.

*   *   *

OVER THE PAST FOUR DECADES there has been an animated debate about the alarming possibility that human sperm counts have declined markedly since the 1950s. In 1974 fertility experts Kinloch Nelson and Raymond Bunge examined semen specimens from almost four hundred men who had chosen to undergo vasectomy (severing of the sperm-carrying ducts) between 1968 and 1972. The average sperm count per ejaculate before vasectomy was found to be about 135 million sperms. Nelson and Bunge noted that this was much lower than counts recorded by earlier investigators, which averaged over 300 million. Because of the startling difference between these earlier studies and their own, Nelson and Bunge reviewed semen analyses from four hundred men who had had an infertility evaluation done at their hospital between 1956 and 1958. A quarter of those men had total sperm counts above 300 million. After carefully excluding various alternative possibilities, Nelson and Bunge concluded that “something had altered the fertile male population to depress the semen analysis remarkably.”

This claim, along with similar reports, rapidly led to controversy. Scientists on both sides of the debate based arguments on data from a few large samples examined at different times and often in different places. Eventually biologist William James, who has conducted careful statistical studies of human reproduction over the past fifty years, stepped in to test whether there really was a trend in reported sperm counts. He tracked down representative data on average sperm counts of unselected men over a period of forty-five years and presented results in a 1980 paper. His conclusions were unequivocal: “There can be no reasonable doubt that the reported mean sperm counts show a decline with time of publication, at least since 1960.”

Some critics have suggested that changes in methods of semen analysis over the years could have affected human sperm counts, and this possibility deserves serious consideration. But Australian veterinarian Brian Setchell elegantly eliminated this potential problem. Comparable methods have been widely used to determine sperm numbers in the semen of farm animals, so they should also show any decline due to changing techniques. Sperm counts dating back to the early 1930s are available for cattle, pigs, and sheep. In a 1997 paper, Setchell reviewed data from over three hundred publications reporting sperm counts over the period from 1932 to 1995. There was no significant change in sperm counts over time for either bulls or boars, but with sheep there was actually a slight, but significant, increase. As Setchell sagely concluded: “It would appear that, if the fall in human sperm counts is real, then it must be due to something which is not affecting farm animals.”

Reports of declining human sperm counts have continued to accumulate around the world. Two recent reports have provided convincing evidence of marked declines in sperm counts over the past twenty years in Israel and France. Entirely new information for Israel was published in a 2012 paper by a team led by Ronit Haimov-Kochman, an Israeli infertility researcher. They reported results of a retrospective analysis of over 2,000 weekly sperm samples collected from fifty-eight young paid donors over the fifteen-year period from 1995 to 2009. Average sperm counts dropped significantly by almost 40 percent, from over 300 million sperms to around 200 million. As a result, it has become increasingly difficult to find sperm donors who meet the criteria set by fertility clinics. Haimov-Kochman and her colleagues concluded that this rapid deterioration of semen quality among fertile semen donors may shut down sperm donation programs. The second 2012 paper, published by epidemiologist Joëlle Le Moal and colleagues, identified a similar decline in semen concentration through a countrywide survey in France. This study, which was also retrospective, examined sperm counts for almost 27,000 men participating in assisted reproductive technology procedures because their partners were totally infertile. Over the seventeen-year period from 1989 to 2005 there was a continuous decrease in semen concentration of almost 2 percent per year. Across the study period the overall decline was some 32 percent, falling from about 220 million sperms per ejaculate in 1989 to under 150 million in 2005.

Even more alarmingly, decreasing sperm counts seem to have been paralleled by increasingly frequent abnormalities of the male reproductive system, including cryptorchidism, penis malformation, and testicular cancer. This trend raises the possibility that the factors responsible for decreasing sperm counts may be having increasingly serious impacts on the male sex organs themselves. As testimony to a possible link, a research team in Denmark noted that in Danish men the incidence of testicular cancer is five times higher than in Finnish men, while their sperm counts are more than 40 percent lower. The striking decline in semen quality and increase in abnormalities of the male sex organs detected over only fifty years are surely due to environmental factors, not to genetic change.

One reason for controversy about declining sperm counts is that reported trends differ from population to population. Even countries that are not very far apart, such as Denmark and Finland, can differ greatly. This suggests that an environmental influence such as pollution may be responsible, and some evidence does indeed link declining sperm counts to local toxins. In 2006, obstetrician Rebecca Sokol published a striking study conducted in Los Angeles, home of the saying “Any air we can’t see we don’t trust.” Seeking a link to environmental pollution, the Sokol group analyzed sperm bank semen samples collected over a three-year period from forty-eight repeat donors. Analysis revealed one consistent significant finding: As ozone levels rose, sperm concentrations declined. If the yawning man-made ozone hole in our atmosphere has not sufficiently grabbed your attention before now, this might just do the trick.

*   *   *

IN FACT, THERE ARE SEVERAL CANDIDATES for environmental factors that might reduce sperm counts. For instance, some evidence indicates that smoking and immoderate drinking during pregnancy impairs sperm production in sons later in life. It has only recently been recognized that chemicals in widely used synthetic products are also strong candidates for sperm-suppressing toxins. An increasingly prominent example is bisphenol A (BPA), an organic ingredient used to make polycarbonate plastics, epoxy resins, and various other everyday items such as DVDs, sunglasses, medical devices, automobile parts, sports equipment, and glazing. Heat-resistant polycarbonate plastics are widely used to package food and drink as well as to coat the insides of cans. BPA ranks among the top fifty chemicals now produced, with global annual production exceeding 5 million tons by 2008. Yet it has only recently come under public scrutiny. A 2010 report from the U.S. Food and Drug Administration raised concerns about exposure of fetuses, infants, and young children, and Canada became the first country to recognize BPA officially as a toxic substance. In parallel, alarming reports of the noxious effects of BPA have accumulated rapidly. But several authorities have questioned the evidence that BPA has toxic effects. The official stand in the European Union remains that food contact is not a hazard, although a new risk assessment was launched in 2012. One thing is certain, however: Everyone in industrialized nations is exposed to BPA every day, as the substance leaches from containers into food, especially when heated, and it is universally detected in blood and urine. It is particularly alarming that, compared to adult levels, exposure to BPA is ten times greater for babies in neonatal intensive care units and doubled for children generally. In one notable experiment, when seventy-seven Harvard student volunteers drank cold liquids exclusively from baby bottles for just one week, levels of BPA in their urine samples rose by more than two-thirds.

In 2010, a Chinese-American team led by reproductive epidemiologist De-Kun Li reported on a study of self-reported sexual problems in men exposed to BPA at the workplace. The team interviewed subjects employed in factories in China, some exposed to exceedingly high levels of BPA, others unexposed. After carefully excluding effects of several possible confounding factors, Li and colleagues found that the risk of problems was consistently four to seven times higher in workers exposed to BPA than in controls. Deficiencies spanned every domain of male sexuality: Sexual desire, erection, ejaculation, and sexual satisfaction were all impaired. Moreover, the risk of sexual problems increased with levels of cumulative exposure to BPA. Workers in factories with exposure to BPA also reported higher frequencies of sexual deficiencies within a year of employment. It should be emphasized that factory exposure to BPA was extreme; levels in urine samples from workers were some fifty times higher than in controls.

A year later, members of the same research team reported results from a follow-up study that directly examined semen quality in relation to urinary BPA levels. More than two hundred men with and without workplace exposure to BPA were studied in four regions of China. An increasing BPA level in the urine was significantly associated with decreased semen quality even after allowing for confounding effects. In subjects with detectable urinary levels of BPA the risk was more than doubled for lower sperm motility, more than tripled for decreased sperm concentration and vitality, and more than quadrupled for lower sperm counts. These results provided the first evidence that BPA adversely affects semen quality.

While attention has mainly focused on BPA ingested through food or drink, this chemical can also be absorbed directly through the skin. Therein lies the rub. BPA is often used on paper receipts printed with lightweight devices that use a thermal transfer process. This process has been widely used in cash registers and ATMs since the 1970s. As a result, BPA has also become a major contaminant of recycled paper. Thermal paper does not always carry BPA, but a powdery layer of this chemical is often used to coat one side of a receipt. In 2010, large-scale laboratory tests commissioned by the Environmental Working Group in the United States found high levels of BPA on four out of ten receipts sampled from major businesses and services. Total amounts of BPA detected on receipts were up to a thousand times greater than other, more widely discussed sources of exposure, such as plastic bottles and food cans. Laboratory wipe tests showed that BPA is easily removed from receipts, so it can surely rub off on the hands of anyone handling them. Millions of salespeople work at cash registers, and every one of them may handle hundreds of BPA-coated receipts in a single day. Monitoring by the federal Centers for Disease Control revealed that salespeople carried an average of 30 percent more BPA in their bodies than other adults.

BPA has been with us for quite some time, as it was first synthesized in 1891. Yet alarm bells should have been ringing since the 1930s, when BPA experimentally applied to female rats that had had their ovaries surgically removed was found to behave like a steroid hormone. When BPA (or any of a dozen similar compounds) was fed to female rats without ovaries, the lining of the vagina was affected in the same way as with estrogens. Thus we have known for more than seventy years that BPA acts like an estrogen. Yet authorities argue that BPA is less potent than real estrogens and is rapidly broken down and eliminated from the human body. For these reasons, they say, it is unlikely to pose a significant risk to our health. The website of the Polycarbonate/BPA Global Group of the American Chemistry Council indicates that BPA is entirely safe. In 2008, the U.S. Food and Drug Administration echoed this appraisal, but Congress sensibly took steps to restrict the use of BPA and asked the FDA to reexamine the issue. As yet, no definitive action has been taken. However, we sorely need to know how environmental toxins such as BPA affect not just sperms but also eggs and the ovaries that produce them. As a first step in that direction, we must understand how the female sex organs and cells evolved. So far this chapter has focused on male aspects of reproduction, but that is just a prelude to the far greater contribution made by all female mammals.

*   *   *

AS IS THE CASE with testes and sperms, we share basic features of human ovaries and eggs with all mammals. On each side of the female body, there is a single ovary. Like the testis, it develops in close association with the adjacent kidney, but it is smaller. A human ovary is roughly the size of an almond, about a third of the volume of the testis. Moreover, ovaries never shift far from their starting position in the belly cavity.

Each ovary lies close to the funnel of a tubular oviduct called the Fallopian tube, leading to the womb. Once an egg has been released from the ovary, in a process known as ovulation, it enters the oviduct funnel and begins to migrate down toward the womb. It first encounters a part of the oviduct known as the ampulla, which has a richly folded inner lining. To reach the womb, it must then pass through the next section of the oviduct, the isthmus, which has a smoother lining. Fertilization of the egg
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