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Foreword


by Richard Strathmann


In folk tales, the young set out to make their fortunes; our interest is held by the challenges they meet and overcome. So it is with the adventures of Earth’s animal babies—but with stories more varied, strange, and surprising than in the tales of those youthful heroes.


Some babies, however different from adults, are familiar: the tadpole of the frog, the caterpillar of the butterfly. But there are many more that are so unlike their adult forms that they were first described by biologists as newly discovered animals, as with the pluteus of the sea urchin and the nauplius of the barnacle. Danna Staaf reveals this wondrous world of baby animals. Few among us—amateur nature lovers and specialists alike—know their extraordinary diversity. Staaf has brought together biologists’ studies from land, ocean, lakes, and streams, for the first time in popular book form. The varied devices by which young life meets the world’s threats and obstacles astonish and entertain. Nursery Earth shows us baby animals as creatures unto themselves—not just steps on the way to becoming adults but amazing living things in their own right.


All creatures that are composed of many cells, including us humans, benefit from reverting to a single cell as part of our life cycle. Passing through this one-cell bottleneck provides benefits—it purges the future generation of harmful mutations and pathogens and makes sexual reproduction possible—but it also creates a challenge: how to start as an egg and survive and grow to full multicellular capabilities in a world of risks. The next generation depends on animals’ meeting this challenge of a precarious one-cell beginning. From a poorly equipped start, each developing animal requires nutrition, defense, oxygen, and waste disposal, plus, often, a way to move about. Nursery Earth tours us through the fascinating and varied ways that these needs and others are met.


Staaf describes the wonder of seeing a little sphere—an egg—turn into a functioning animal in the lab—and the even greater wonder of how many such babies survive in the harsher world outside the lab. Some hazards are old: predators, parasites, pathogens, desiccation, suffocation. Some hazards are peculiar to particular kinds of reproduction: cannibalism by siblings, transport by currents beyond habitable environments, even being eaten from the inside after being injected with another animal’s eggs. Staaf also speaks of growing concerns for the future. Some manufactured chemicals are new hazards. Old hazards change, too, as humans change Earth’s environments by carbon emissions and harvesting. The perils can be formidable, but in Staaf’s account, humor outweighs the pathos—parasitic wasps, a possible exception.


In Nursery Earth, you’ll also discover the ways we’re part of the story. What we humans do to care for our babies resembles strategies that are not limited to our closer kin: Mother mammals, for example, aren’t the only mothers who nourish babies internally through their blood or externally through their milk. But Staaf also shows that we don’t need to depend on finding humanlike similarities in other animals in order to love and admire them; instead, animals with strangely different forms and habits earn our appreciation and sympathy. There’s charm in a scarab beetle sequestering its baby in a protective and nourishing ball of dung. We can admire the versatility with which some wasp embryos and starfish larvae multiply themselves.


We all, as readers, will find much to ponder and enjoy in animals’ wide range of journeys from egg to adult. We and our world depend on the ways they stay alive.


Richard Strathmann, PhD, is an expert in the diverse patterns of animal development, with a particular focus on marine animals. He finds the beauty and variety of changes from eggs through embryos, larvae, and metamorphosis endlessly entertaining. He joined the faculty of the University of Washington in 1973.










Introduction


A World of the Babies, by the Babies, for the Babies


There was a child went forth every day


And the first object he look’d upon, that object he became,


And that object became part of him for the day or a certain part of the day,


Or for many years or stretching cycles of years.


—Walt Whitman, Leaves of Grass


Baby animals are undeniably cute: puppies tumbling over each other, joeys peeking out of kangaroo pouches, ducklings paddling in a wobbly line. Baby animals are also incredibly bizarre: Moth larvae mimic both snakes and feces, featherless finch chicks beg with beaks like Mondrian paintings—and let’s not forget baby humans, with our squishy skulls and taste buds on our tonsils.


Baby animals are very sensitive to the environment: Bird embryos die when their eggshells are thinned by DDT or smothered by spilled oil. Shellfish larvae can’t grow into edible adults until they find the perfect home in a sea full of increasingly imperfect habitat. But baby animals are also powerful enough to change the environment, for both good and ill from the human perspective. Agricultural pests like rootworms and borers are actually infant insects, and they devastate crops on every continent. At the same time, numerous beetle larvae can actually digest plastic, offering hope for pollution cleanup.


Even human babies embody this combination of vulnerability and voracity. When we’re born, we don’t know a single language, leaving us at the mercy of our adult caretakers. Yet we are so ravenous to learn that we can pick up as many languages as we are exposed to, an ability the adults around us have lost. Similarly, as babies, our incomplete immune systems put us at risk from infections that rarely affect adults. But these same baby immune systems are primed to build relationships with beneficial bacteria that will serve us the rest of our lives. If we’re exposed to too many dangers or deprived of necessary resources, our sensitivity becomes a weakness, but in the right environment, it blooms into a superpower.


Scientists who study early life stages, by dripping chemicals on tadpoles or feeding chicks experimental diets or injecting genes into fly eggs, are known as developmental biologists. Developmental biology is the study of how animals build their bodies—an examination of every process between fertilization and maturity. As a field of research, it has progressed through its own fascinating and sometimes turbulent developmental stages. In the nineteenth century, it was called embryology, and its practitioners peered through microscopes to watch an egg cell cleave into two, four, eight, and many more cells, then eventually grow a gut and a brain. The work of embryologists expanded to produce and bud off the entire field of genetics in the twentieth century, and developmental biology is now expanding again to link the microscopic stages of animal growth with global environment and ecology.


Unexpected connections are the forte of developmental biology. “Adult-onset” diseases like cancer and diabetes are increasingly understood to result from influences in early life, even as early as the womb. Not only humans but many other animals face challenges to health, longevity, and survival that trace their roots to chemical exposure or resource limitation in babyhood. And although these challenges highlight the vulnerability of youth, they also illuminate its adaptability. When a developing baby doesn’t get enough nutrition, it can preferentially devote its limited energy to growing critical organs like the heart and brain, leaving more redundant organs like kidneys to suffer the brunt of starvation. This postpones problematic symptoms until later in life, giving the animal a chance to reproduce first. Thus, surviving long enough to grow up and manifest kidney disease is a triumph of the flexibility of early development.


At no other stage in our lives are animals more capable of perceiving and responding to changes in the environment. In intimate conversation with our inanimate surroundings as well as with our fellow cohabitors of Earth, we mold our bodies to match our world. Within this capacity for change lies the future of life as we know it.


The diversity of developmental forms


When we think of the world’s diverse animal life, we usually think of adult animals: frogs and butterflies, jellyfish and echidnas. Not tadpoles and caterpillars, ephyra and puggles. (Believe it or not, those baby names match the parents that precede them.) Even when we turn our minds to baby animals, we tend to forget that they don’t always look like their parents. This leads to the occasional amusing contradiction in children’s books, like a “daddy caterpillar” or a “baby bee.” In reality, daddy caterpillars are moths or butterflies, and baby bees are wingless white larvae.


What is a larva? (Besides the singular form of larvae.) The word describes a baby that goes through a distinct metamorphosis to become an adult. Most animals have one or more larval stages. Because larvae can look so different from adults, this creates a constant puzzle for biologists, who must piece disparate forms into a single life cycle. Some species’ larvae have never been seen. Other larvae are not yet associated with an adult.


Larvae don’t have to be tiny, nor are all tiny babies necessarily larval forms. Bluefin tuna and kangaroos, both of which can grow to well over 3 feet (1 m) as adults, produce babies about an inch (2.5 cm) long. The tuna hatchling is a larva (see insert, photo 1), the kangaroo joey is not. On the other end of the scale are the chick of a kiwi (not a larva) and the maggot of a tsetse fly (a larva), both born nearly the same size as their parents.
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1. Baby fish, like this larval tuna, face high risks of both predation and starvation. They’ve evolved transparent bodies to hide from predators and gaping maws to tackle a wide range of prey.
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This illustrated X-ray view into a mother kiwi makes it obvious that she lays the largest eggs of any bird, relative to her body-size. A bellyful of yolk sustains the chick until it learns to forage for food.


This size variation arises because animals can’t invest infinite energy in producing offspring. There’s a trade-off between size and number. Kiwis lay one gigantic egg at a time, while tuna spawn millions of mini eggs. In both cases, the babies that hatch from the eggs are independent, striking out on their own. Kiwi parents allocate their reproductive effort to building mass, producing a baby large enough to have a good chance of solo survival. Tuna parents allocate theirs to quantity, producing enough babies that it doesn’t matter if only a few survive.


Kangaroos follow a third route, pouring their resources into parental care. Although each baby is minuscule, it receives the warm protection of a pouch and a constant infusion of milk for up to a year after birth. Thus, although a newborn kangaroo is as tiny as a newborn tuna, an independent kangaroo is far closer in size to an adult.


Whether a baby turns to its parents or to the wild world to supply its needs, it is exquisitely well-equipped to do so. Kangaroo joeys have tough arms for climbing from the birth canal to the pouch. Larval tuna have (relatively) enormous jaws for swallowing prey nearly as big as they are. Larval parasites may be some of the most specialized babies of all, built to create links between disparate forms of life. As the tiny seeds of mighty trees are adapted to find a new home by hooking onto an animal carrier or hitching a ride on the wind, so baby tapeworms help themselves travel to a new host. A tiny “worm seed” can infect a human through the consumption of undercooked pork, as cleverly described by the embryologist-poet Walter Garstang:


He’s very small, a mere pin’s head, beset with six small hooklets,


Is whirled about by wind and rain through puddles, fields and brooklets;


But if a pig should swallow him, as many porkers do,


He’s made a start with no mistake: he’s on the road to you!1
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Newborn kangaroos look like early embryos but crawl better than newborn humans. They make their own way into the pouch, where they nurse and grow until they’re more than half their parents’ height.


A tapeworm baby needs to be eaten in order to complete its life cycle, a typical parasite feature. As it passes from host to host, a single parasite can infect a wide range of animals in a wide range of habitats, connecting snails to birds and wetlands to forests. Similar connections are made even by animal babies that die when they’re eaten. Young life-forms are easier prey than their parents, accessible to a greater range of predators. Many hungry animals depend for their meals on the profusion of progeny produced by their fellows.



The hidden abundance of youth


For many species, babies comprise the majority of their life cycle. Most animals on Earth are, in fact, babies.2


It might be easiest to understand this as an ephemeral springtime truth, since we’re used to seeing one duck parent trailed by a dozen fuzzy offspring. The children’s classic Make Way for Ducklings contains four times as many babies as adults. In March, a square meter of water (about 11 sq ft) in a North Carolina pond can hold fifteen thousand tadpoles, the product of breeding by only a few hundred adults.3 In both cases, these babies grow to adulthood in a matter of weeks, and for the rest of the year, no ducklings or tadpoles can be found. So we might conclude that only during certain limited times are adults outnumbered by babies. However, as climate change brings spring weather earlier and earlier, the breeding season of many species is extended, and so is the period of time during which babies rule the roost.4, 5


What’s more, other animals often linger much longer in childhood and youth. Salmon are born in fresh water and live in streams for up to two years as fry before they mature and move out to the ocean. Many types of salmon spend no more time as seafaring adults than they did as river-dwelling babies. Given the natural population attrition over time, as salmon are eaten by predators or succumb to parasites, the total number of fry is typically greater than that of adults at any time of year.6


Although salmon babies stick to rivers, the ocean serves as a giant nursery for uncounted other species. Surface waters froth with billions of baby fish, squid, crabs, and more, and it seems like each new expedition to the deep sea uncovers another astonishing cradle of life. In 2021, in Antarctica’s Weddell Sea, cameras towed at hundreds of meters’ depth revealed an icefish breeding colony of 93 square miles (240 sq km) filled with an estimated 60 million nests. The average number of eggs per nest was 1,735, making the total number of babies in this nursery well over a hundred billion.7 This previously unknown jackpot of baby fish revised our whole understanding of the Antarctic ecosystem.


As for humans? Currently, about 22 percent of the world’s Homo sapiens population is under the age of eighteen—likely the lowest this percentage has ever been. Less than a century ago, it was 31 percent.8 The relative proportion of children and teens varies geographically, with only 17 percent of the Japanese population under the age of twenty, while 60 percent of the Nigerien population falls into this category.9 On average, adult humans outnumber children, but in many places—from the country of Niger to any schoolyard—the reverse is true.


Including humans with other animals can be a touchy subject. Merriam-Webster offers multiple definitions for “animal”: first, any of a kingdom (Animalia), and second, one of the lower animals as distinguished from human beings. Both definitions have their uses. The species Homo sapiens belongs indisputably to the order Primates, phylum Chordata, kingdom Animalia, a fact encompassed in the first definition. At the same time, Homo sapiens is the only species that engineers global-environment-altering technology, and engages in moral debates about said technology (among many other topics). The second definition allows us to refer to all the animals that don’t do this with a single word.


However, our developmental biology illuminates our kinship with the rest of the kingdom. As a human embryo, I looked pretty fishy for a while. I also at times resembled a reptile and a chick. The similarities are eye-catching enough that some early biologists encoded them in law, contending that each animal displays the evolutionary history of its species over the course of its development. We now know, as we’ll explore further in chapter 8, that this superficially compelling “law” fails to capture the true intersection of development and evolution, but shared embryonic features still inform our understanding of relationships between animals—including humans. While this book is not about human development (many other excellent texts are available on that subject), our species will come up from time to time.


After all, I am a human, and you most likely are one, too. I, like you, began life as a baby. Also probably like you, I don’t remember it. I know that I depended on my parents and other caregivers, and I remain grateful to them for keeping me alive. I know that I was complicit in the process, crying for the attention I needed, producing attractive facial expressions and postures to garner care. I absorbed environmental input, both actively when I put dirt in my mouth and passively as I experienced the hot summers, poor air quality, and minimal rainfall of Los Angeles in the late twentieth century. I was fortunate to be given consistent affection and nutrition and to be brought periodically to a beach where I could enrich my sampling of dirt and dry grass with salt water and sand.


How much of who I am today is shaped by the genes in my mother’s egg cell and my father’s sperm cell, and how much by my experiences from the womb onward? This age-old question of nature versus nurture sits at the very heart of developmental biology.


From field to lab and back again—the development of developmental biology


We are as much a product of our environments as of our genes. Your immune system, your digestive system, even your brain and your bones all develop with environmental input, whether that input is bacteria, exercise, or diet.10 Within the rest of the animal kingdom, bacteria make it possible for insect embryos to grow, amphibian eggs to hatch, and squid to mature. Temperature determines the sex of certain turtles; location, the sex of certain worms. Diet dictates a bee’s caste; predators make water fleas grow spines. Birds and mammals grow bones and muscles in response to gravity and stress. Larvae of all kinds metamorphose in response to temperature, light, texture, or smell.


Many of these intimate connections between development and environment were already understood more than a hundred years ago. But in the middle of the twentieth century, when the discovery of DNA allowed scientists to begin reading and manipulating genetic code, the study of development moved out of the natural environment into a carefully controlled laboratory setting. Developmental biologists began to not only disregard but actively avoid environmental influences, so they could focus on the results of genetic modifications.


Biology underwent a schism. On one side were ecologists, studying organisms and networks of organisms in their natural habitat. On the other were geneticists, focused on the molecules that constitute and create life. Neither was wrong about the importance of their work, but they had such difficulty talking to each other that many university biology departments divorced, engendering two separate departments and lots of ruffled feathers.


This is what I discovered as a seventeen-year-old college freshman, newly fledged from my nest in Los Angeles and settling in to study marine biology at the University of California, Santa Barbara. My interests and classes aligned mostly with the Department of Ecology, Evolution, and Marine Biology. But if I wanted to learn about embryos, I had to take a class in the opposing Department of Molecular, Cellular, and Developmental Biology. The separation of marine and developmental biology is especially ironic, as the embryos of marine animals like sea urchins catalyzed numerous foundational breakthroughs in developmental biology.


However, none of these marine species became true model organisms—they were too tricky to raise in the lab. Instead, an enormous body of research was built around the laboratory study of genetic inheritance and mutations in six nonmarine model organisms: the fruit fly, the roundworm, the mouse, the chicken, the frog, and the zebra fish. Scientists picked these species because they’re easy to raise and require minimal environmental input, and studies on them have yielded huge discoveries, from the “toolkit genes” that organize development across the entire animal kingdom to developmental genes that are implicated in human cancer.


However, most animals, including humans, are not model organisms. Most of us could not develop successfully to adulthood in a sterile laboratory environment. Even the model organisms themselves can have trouble—scientists raised “germ-free” mice in the complete absence of bacteria, and discovered a suite of metabolic, neurological, and behavioral abnormalities. As for factors like temperature and diet, those would never be as constant in the real world as they are in the lab. The same precisely optimized nutrition is used to raise chicks in universities around the globe.11 What would happen if these animals were reared in more realistic conditions?


“Will the egg be computable?” asked Lewis Wolpert, a widely respected developmental biologist, in 1994. Which was to say, given complete knowledge of every molecule in a fertilized egg, could its development to adulthood be predicted? By 2006, Wolpert asserted that it would happen “in the next fifty years.” However, nearly everything that we have learned about developmental biology since then points in the opposite direction.


We used to think of development as a computer program. It has revealed itself instead as a collaborative, continuous performance.12 Development is not merely how we build ourselves, it’s how the world builds us. Rather than a rigid set of instructions defined by genes, it’s a set of possibilities influenced by and adapted to the environment.


Slowly, environmental concerns have forced their way back into our understanding of development. In 1982, a group of scientists realized that attempts to help endangered sea turtles by incubating eggs at controlled temperatures were actually harming the population by producing babies of all one sex.13 At first, such cases seemed like exceptions. But as the evidence mounts, we begin to understand that the development of all organisms is defined by their environment.


Studying a greater variety of organisms in a greater variety of conditions becomes increasingly important. In 2003, researchers discovered that tadpoles are more vulnerable to damage from pesticides in an environment that also contains predators—which is, let’s be honest, nearly every environment that tadpoles face. As the lead author wrote, “it is the lethality of pesticides under natural conditions that is of utmost interest.”14 Similarly, tadpoles exposed to different pesticides that may not seem to harm them directly suffer a reduced immune response, leaving them more vulnerable to parasites than they would otherwise be.15 Laboratory? No parasites. Real world? Crawling with them.


Not only dangers but also opportunities that would never arise in the lab abound in the real world. Toad eggs in northern India have been found developing in small “ponds” that are actually rain-filled elephant footprints.16 Before witnessing such a specific connection, we might have expected no relationship between toads and elephants—neither preys on the other, and they don’t compete for resources. But when we take each organism’s entire life cycle into account, the links between species rapidly multiply. Do declines in elephant numbers hurt toad populations, by limiting their nursery sites? No one has yet gathered data on this, or myriad other potential developmental dependencies.


The connections between development and environment illuminate the enduring unity of biology, separation of departments notwithstanding. Microscopic molecules record and store information about the environment as animals encounter it, and the animals use this information to build bodies and behavior best suited to their world. Cells aggregate to produce the bodies of larvae and adults, which aggregate to fill ecosystems. Both individual organisms and entire food webs change continuously with the cycling seasons. We think of seasons as wet or dry, hot or cold, but animals also create their own breeding seasons, spawning seasons, growing and dying seasons. The molecules inside caterpillars determine the timing of butterfly emergence season, which becomes a season of abundant food for birds, which is recorded in the molecules inside their developing chicks. Development shows us that the links are nowhere broken, as we shift in scale from molecule to ecosystem. Research on animal babies is facilitating the collaboration across scales that has become crucial to understanding and caring for our world.


An elusive profusion of squid eggs


Like most children, I adored baby animals from an early age. I bonded deeply with a pet kitten; I campaigned (unsuccessfully but perennially) for a puppy. In the margins of my school notebooks, I doodled fluffy little bodies with huge heads and eyes. Even in college, when my biology classes began introducing me to a profusion of larval forms, if I’d picked up a book about “animal babies,” I would have expected it to focus on cute critters like ducklings and baby bunnies.


In this book, we will encounter ducklings (some are parasitic!) and bunnies (eating their mom’s poop!), but we will also find many far stranger babies. Caterpillars, grubs, larvae of all kinds—these babies may be less adorable, but they are no less important. What they lack in immediate visual appeal they make up for in fantastical anatomy, behavior, and transformations. These forms link the ecosystems of today and build the biology of tomorrow.


It was after college that a fascination with the true diversity of animal babies fully gripped me. Beginning my pursuit of a graduate degree in a laboratory focused on the biology of Humboldt squid, Dosidicus gigas, I learned that no one had ever seen the eggs of this species in the wild. The same could be said for plenty of animals, but the Humboldt squid is not the kind of small, rare, or endangered species for which you might expect this to be the case. No, Humboldt squid grow up to 6 feet (2 m) long, swim through both northern and southern hemispheres of the eastern Pacific Ocean, and support the largest squid fishery in the world. People catch and eat nearly a billion tons of Humboldt squid every year.17 Humboldt squid, in turn, catch and eat countless fish, crabs, and fellow squid. An animal like this has got to be making plenty of babies. So where were they?


I set out to study the early life stages of Humboldt squid, and because I actually wanted to finish my degree someday, I had to do more than hope that I could find babies in the open ocean where no one had before. When scientists want to study babies that aren’t readily collected in the wild, we try to make them ourselves. In 2006, on a research ship in the Gulf of California, a generous colleague taught me how to collect eggs and sperm from adult squid and conduct in vitro fertilization.


The process began after dark, when Humboldt squid rise from the depths to the surface and are more easily caught. Often, it was past midnight by the time I had both eggs and sperm isolated in glass dishes. Then I would stay up for hours more, carefully mixing, changing water, watching for signs of successful fertilization and attempting to match the eggs’ early development to reference drawings of other squid species (no one had ever published on Humboldt squid development before). The results were encouraging, but hardly thrilling—many eggs failed to develop properly, while others fell prey to fungal or bacterial infection.


During the day, I napped.


One afternoon, near the end of our two-week research cruise, my bunkmate burst into the room and woke me excitedly. “Guess what, Danna!”


I guessed, blearily and correctly: “You found an egg mass!”


Several researchers had been diving regularly throughout the trip. Since we were operating over deep water, far from shore, they had to be specially trained for “blue-water diving”—safely exploring the open ocean in the absence of rocks, kelp, sand, or any structure at all other than the boat itself. On these dives, they had found jellies of many kinds, most small enough to be scooped up in a collecting jar. On this day, however, they had encountered an enormous gelatinous mass.


They had taken video as well as samples. All of us scientists crowded around a TV in the tiny ship laboratory to stare at a blob so large and diffuse a diver could swim through it. It was transparent, studded with tiny embryos like stars. On the screen, a diver reached out to fill an open jar with embryos and their surrounding jelly. In the lab, I was ecstatic to receive one of these jars for my own. I had been struggling to produce babies artificially, and here were the first naturally produced babies ever to be found in the wild!


They began hatching that very day as perfectly formed little squid, smaller than rice grains (see insert, photo 2). Their eyes were huge relative to their body size, just like a human baby’s, and so was their funnel—the tube a squid uses to breathe and swim. These proportions triggered cuteness-recognition algorithms in my human brain, and I felt compelled to care for the squid babies assiduously.
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2. Born with only a handful of the color-changing organs that will one day cover its skin in the thousands, this baby Humboldt squid also bears a curious fusion of tentacles called a proboscis.


The next day, we disembarked from the ship in Sonora, Mexico, the home of several of our science crew. Most of the babies stayed with them, while I puzzled over how to bring a small sample of hatchlings on the flight back to my lab in Monterey, California.


This was 2006, when you were still allowed to carry a water bottle onto an airplane without emptying it first. I filled my bottle with seawater and eight squid babies, then walked through security in the Guaymas airport, feeling the illicit thrill of smuggling with none of the actual danger. All the hatchlings survived the trip, and I spent the next week studying their swimming behavior and coaxing them unsuccessfully to eat.


We also extracted DNA from a frozen sample and confirmed that the egg mass indeed belonged to a Humboldt squid. (There had been little doubt, but since we hadn’t observed an adult laying the eggs, we couldn’t be positive without genetic identification.) Estimating the size of the mass from the video and the density of eggs in the mass from the jars, I calculated that the whole thing contained between half a million and two million eggs. Such a vast number sounds incredible, but other scientists had counted tens of millions of eggs in Humboldt squid ovaries. We reasoned that one mother could lay a dozen similarly sized masses in her lifetime.18


Such profligacy! How was it that no one had ever spotted one before? Eventually, our in vitro work helped us understand why. Humboldt squid develop from fertilized eggs to swimming hatchlings in a week or less, so the egg masses are incredibly transient. Furthermore, as the divers found, these masses hover at a depth that’s invisible from the surface. Unless you happen to dive right next to one, you would never see it.


Yet without these nearly invisible, transitory masses, the largest squid fishery in the world would cease to exist, and a dominant predator of the eastern Pacific would be gone. Throughout the world, animal babies are hidden threads tying together all the planet’s ecosystems more tightly than we realize. They are now growing up in the most interconnected, rapidly changing environment that any generation has ever experienced. It’s time to pay attention to them.


Metamorphosis beyond metaphor


It’s tempting to think of development as a process with an end product. But what is the end product? Is it the baby, caterpillar, or larva that emerges from an egg or a womb? In many cases, there is a distinct transition from subsisting off yolk or placenta to independent movement and feeding. In other cases, there is not, and the organism that emerges carries yolk with it for days, continuing to live off that parental investment, and not moving actively any more than it did in the egg. Where then to draw the line between process and product?


Perhaps the adult is the end product. For metamorphosing species, this is also a clear demarcation. The newly emerged moth is no caterpillar, and it will live as a moth for the remainder of its life. But what about the rest of us? When does a human become an adult? Is it the onset of menstruation, the change in voice, the first credit card? We use different rubrics for different purposes, and we seem to think there is some nebulous point at which adulthood has “arrived.” However, development never stops; we are a work in progress for all of our lives. Our brains and bodies keep changing. Is menopause a developmental process? How about balding?


One butterfly scientist I spoke with emphasized how much we love the metaphor of metamorphosis because we all want to be able to change yet remain ourselves. I reflected that it doesn’t have to be merely a metaphor. We can change; in fact, we can’t not change. When I gave birth to my first child, the experience felt like a rebirth of my own self. I had been an adult human before. Now I was an adult parent. I had changed, physically and mentally and irrevocably, both over the months of pregnancy and at the time of delivery. It felt like an almost uncanny parallel to pupation (what happens inside a cocoon or chrysalis) and eclosion (the moment of emergence).


Metamorphosis, a phenomenon we’ll explore in more depth in chapter 9, is a feature that allows a single organism to build itself multiple bodies, each adapted to the demands of a specific environment. Aquatic insects like mayflies lose their childhood gills and grow wings to carry them on mating flights. Frogs resorb the tails of their watery youth and sprout legs to hop and climb.


It may seem precarious for a species’ survival to depend on two separate habitats. There’s also a distinct advantage: Babies that live in different places and eat different food from their parents experience no competition with the older generation. Adults can consume as much as they need without taking resources away from their children. This is especially useful when certain ravenous children grow to the same size as adults—or even larger. Adult Goliath beetles are some of Earth’s biggest insects, and they are vegetarians, feeding on fruit and tree sap. Their larvae, however, grow up to twice the weight of an adult on an as-yet-unknown diet that likely includes significant protein, suggesting a predatory habit. (In captivity, they readily consume cat kibble.19) Paradox frogs, also known as shrinking frogs, engage in the opposite dietary shift. They grow to an enormous size as algae-eating tadpoles, only to metamorphose into much smaller adults that prey on insects.20


All animals move between environments as they mature, whether it’s a matter of scale (from the miniature environment of a tiny fish larva to the oceanic environment of a full-grown tuna) or location (from the saltwater habitat of young eels to the freshwater homes of adults) or, very often, both. Some larvae can even be swept like dandelion seeds across continents and seas, connecting far-flung locales and sprouting new populations.


Humans fall into all of these categories, too. Some of us stay in our hometowns and scale up from a playground to an office building, while others emigrate thousands of miles. Wherever we are and however far we travel, we share every environment on the planet with an enormous diversity of animal life.


The young members of all species are active participants in our planet’s drama. They are consumers and producers, competitors and cooperators. The world’s most destructive crop pests are baby moths and beetles, while some of the most effective methods of pest control are baby wasps. Many endangered species are at risk, not because of threats to the adults but because their babies are running out of habitat or suffering from pollution. And speaking of pollution, larval invertebrates play a crucial role in the study of chemical toxicity, their sensitivity helping us make decisions for our own safety and that of our environment—which are, after all, inextricably linked.21



Babies as links across space and time


In the pages to come, we’ll explore animal development from egg to metamorphosis, witnessing the intimate interdependence between each form and its environment. We’ll see how important these early life stages are to the ecosystems they inhabit, and how vulnerable to perturbations like pollution and climate change. The field known as ecological developmental biology has expanded rapidly in recent years, with incredible findings since 2020 alone.


Astonishing research has illuminated how babies connect different parts of the world, from fish eggs tough enough to survive traveling between lakes in duck intestines22 to sea star larvae that clone themselves as they surf ocean currents in a reverse of Vasco de Gama’s famous voyage.23 Bold and sturdy adventurers, babies also face huge risks, like the warming water that makes baby sharks more visible to predators24 and the inbreeding that kills endangered bird chicks long before they can hatch.25 Perhaps most important of all, we are learning more about how microbes guide animal growth. The word microbe is a shortening of microbios, or “tiny life.” The “micro” part implies that microbes are living things that can only be seen with a microscope—but does that make any microscopic embryo a microbe? Nobody would argue for that, since the embryo’s small size is just a phase. And yet, bread mold that can grow large enough for us to see with the naked eye is considered a microbe. Go figure. When I talk about microbes in this book, I’ll be referring mostly to single-celled bacteria, fungi, and viruses. Insect larvae cooperate with microbes like these in their gut to break down plastics,26 and a mother’s vaginal microbes can stabilize the health of human babies born by C-section.27


In addition to creating links across space, animal babies also illuminate connections over time. Development offers a window into the history of life on Earth. The gills of insect larvae evolved into the wings of adults. Neoteny, or retaining childlike features, is a part of how we humans evolved from other apes. Life began with single-celled organisms, and embryos daily demonstrate the wonder of building one cell into multicellular life.


In fact, when you consider that the single-celled ancestors of animals simply replicated themselves, it’s incredibly weird that we make babies at all. Plenty of multicellular animals can still pull off asexual replication: Anemones bud clone after clone to fill tide pools. Flatworms break into pieces, each of which becomes a whole worm. So why don’t we all reproduce that way? As it turns out, starting the next generation with a single, fragile cell provides surprising advantages, from clearing out disease to promoting cooperation within the new body.


Most people don’t talk about miracles much, but one place the word seems to crop up again and again is in reference to a new baby. “It’s a miracle,” people say, in awe at the arrival of a new human, or if they’re kindly inclined toward the rest of our kingdom, a new calf or chick or puggle. Researchers who study development experience no less awe—perhaps even more, as they uncover layers of marvelous detail. Many of the scientists I spoke with for this book are parents; all were once babies themselves. Again and again I heard them express wonder at the developmental process. Is this what drives so many biologists to poetry, or are the poetically minded drawn to the science of development? In the chapters to come, we’ll encounter verses by eminent researchers as well as words by full-time poets that speak to the topics at hand.


We say “it takes a village to raise a child” and we consider ourselves responsible, as a society, for the care and safety of all children. We build public schools and playgrounds and institute child protection systems. What if we broadened this view to include all the world’s young? Human or hyena, squid or scorpion—we were all young once. This book will show you why that matters.










PART I



BUNDLES OF JOY










1



Eggs


Not Just a Bird Thing


To make one me, you just add


half of mom and half of dad—


that is what I once believed.


But now I know that I was wrong


you gave so much to me, Mom,


besides one half a set of genes . . .


—Adam Cole, “A Biologist’s Mother’s Day Song”1


 “Hey, Mom, did you know it takes an elephant cell two years to become an elephant?” My eight-year-old is reading a children’s book about reproduction. This particular fact puzzles me for a moment.


“Oh, do you mean a fertilized egg?” I ask.


“It just says a cell.”


She shows me a page full of cartoon mammals announcing the length of their pregnancies with, “It takes an elephant cell about two years,” and “It takes a rabbit cell about three weeks.”2 “I can understand why they used the word cell; it’s short and simple,” I tell her. “But it’s a bit misleading because you can’t grow an elephant from just any elephant cell. What they mean is a fertilized egg cell.”


At that point, my husband speaks up from the kitchen. “What’s so special about a fertilized egg cell?”


Eggs are all around us. My family has chicken eggs in a carton in the fridge, ready to scramble or bake into muffins. We have songbird eggs under our eaves every spring. Beneath any stone or stick in the yard, we’re likely to find a sack of spider eggs. Based on the number of baby lizards around, we know there must be lizard eggs, even though we’ve never been able to spot them. And inside my ovaries and those of my daughter are hundreds of thousands of human eggs.


An egg is one of the most incredible biological products in the world. It’s a nearly complete package of everything needed to generate a new life form. This also makes eggs one of the best possible food sources for other animals, as they’re nutrient-dense with no ability to run away or fight back. Humans figured this out pretty quickly, and we now farm chickens to produce more than three billion eggs per day.3 Although we’re the only species that has industrialized our egg consumption, we’re far from the only species obsessed with eating eggs. Foxes, weasels, rats, dogs, snakes, crows, and many others are all avid egg eaters. Fish eagerly slurp up the eggs of other fish, or even their own eggs if they’re low on energy.


Because of the inevitable loss to predators, animals produce more eggs than are needed to sustain the population. This eggy excess injects nutrition into countless food webs, connecting diverse species and ecosystems. Land-dwelling raccoons scarf down the eggs of seafaring turtles; tree-climbing snakes swallow the eggs of sky-faring birds. The feedback loop in which eggs get eaten, so parents make extra eggs, so more eggs are available to be eaten, means that animal babies matter to the world—as a rich food source—long before they even hatch.


But safety in numbers isn’t an egg’s only hope of survival. Animals have also evolved numerous clever strategies to hide and protect their eggs: shells, capsules, nests, pouches, wombs. It’s important to note that these protections fail if they isolate the embryos too thoroughly. An obvious example is that an egg completely impermeable to gas will prevent the baby from breathing! Eggs cannot be impenetrable walls that separate the developing baby from the environment but must instead filter and interpret that environment for the baby. From its very first cellular division, an embryo’s trajectory is shaped by the world around it. The nutrients placed into the egg by the mother are determined by her diet and overall health. Oxygen, temperature, and chemicals all cross eggshells and membranes, as do the physical vibrations of a hunting predator.


This, then, is “what’s so special” about a fertilized egg cell: It is a package of raw materials, instructions, and machinery, uniquely capable of growing into an animal, and preloaded with environmental input. Signals of available food and potential danger are already integrated into the egg cell by the time development is kicked off, a moment that is itself determined not by some internal genetic clock but by an external encounter with a sperm cell. Eggs can lie dormant for decades before fertilization sparks them to action. In this chapter, we’ll follow the course of embryonic development as a cell becomes a baby, shaped by its environment every step of the way.


Everything that’s inside an egg (and a sperm)


Why can’t we grow a whole new animal from a blood cell or a brain cell or a skin cell? People have wondered about this for a long time. One old idea was that sperm contained the raw baby-making material and it only needed “planting” in the “fertile soil” of a uterus. Hence the word semen, which means “seed.” We now know that eggs and sperm are both special, each containing only half as much DNA as other types of cell. At fertilization, these two halves combine to form a new whole. While egg and sperm contribute nearly equal amounts of DNA, the egg contains additional necessities: yolk to feed the growing embryo, proteins to decode genes, mitochondria to provide energy.


Mitochondria may not sound as familiar as yolk or protein. However, your body contains more mitochondria than cells! They are our energy factories, with some cells containing more than a thousand mitochondria each. Animals didn’t invent mitochondria, though—we co-opted them. Mitochondria are the descendants of free-living bacteria that were engulfed, more than a billion years ago, by the precursors of animal cells. Over time, these bacteria became simplified into part of our cellular architecture. However, they kept their own DNA, isolated inside themselves from the rest of our DNA, which is stored in the cell’s nucleus.


Both egg and sperm cells contain mitochondria, and, in fact, mitochondrial energy is crucial to the swimming of animal sperm. However, in the vast majority of animals, sperm mitochondria are destroyed after fertilization.4 (Mussels are a peculiar exception: Male embryos preserve their father’s sperm mitochondria and sequester it in the cells that will eventually produce sperm, so male mitochondrial DNA is passed from sperm to sperm across the generations. No one knows why.5)


Thus, while you inherit nuclear DNA from both parents, you inherit mitochondrial DNA only from your mother. Scientists have even shown that female mice can filter out badly mutated mitochondria when they’re making egg cells, so their offspring receive the best of the best.6 It seems likely that other animals, including humans, could do the same. As explained in the wonderful tune “A Biologist’s Mother’s Day Song,” the combination of nuclear and mitochondrial DNA along with nutrition and proteins means that “slightly more than half of everything I am is thanks to you [Mom].”7


In many species, eggs are so self-sufficient that they can develop into fully functional adults without needing sperm at all. Unfertilized honeybee eggs develop into adult males; unfertilized aphid eggs develop into adult females. Unfertilized eggs of many lizard species develop into adult females, and this system works so well that at least one species has no males left whatsoever. Some unfertilized bird eggs have been found developing into embryos, but they usually die in the shell. A striking exception was reported in 2021, when scientists at the San Diego Zoo’s condor breeding program realized that two unfertilized condor eggs had successfully hatched.8 This kind of reproduction without fertilization is called parthenogenesis, and although it’s central to a few species’ reproductive habits, across the animal kingdom it is the exception rather than the rule.


Genetic contribution from a sperm cell is usually required for development to begin. That’s the reason the chicken eggs in my fridge and the human eggs in my ovaries aren’t busy growing into animals, while the songbird eggs in the nest and the spider eggs under the rocks certainly are. Recent research is even uncovering nongenetic sperm contribution in some species. Although there’s definitely no tiny person inside a sperm cell, fully formed and ready to unfold as the “preformationists” once believed, there is something that I find nearly as astonishing: information about environmental conditions.9 Fathers who experience a deficient or unbalanced diet, or exposure to toxic chemicals, change their sperm in ways that are passed along to their offspring—possibly because such changes proved adaptive to a difficult or dangerous environment in the past.


The magic of making embryos from scratch


In 2008, two years after the discovery of the Humboldt squid egg mass in the Gulf of California, I took a couple of big steps forward on my path of understanding reproductive biology. First, I got married, and second—following a long-standing post-marital tradition—I made a lot of babies. However, they weren’t human babies, and I made them independently of my new spouse.


We were living in Monterey, California, both of us working at Hopkins Marine Station, a satellite campus of Stanford University and the oldest marine research laboratory on the West Coast of the United States. I’d been a graduate student there since 2005, and my partner, Anton, had come to join me in 2007. He was an engineer, so the biomechanics lab had eagerly hired him to build their specialty equipment.


I had recorded the behavior of the squid hatchlings from the egg mass, along with all my attempts to feed them, until the last one perished a couple of weeks after our return to California. No more egg masses had since been found. (Another Humboldt squid egg mass wouldn’t be discovered by scientists until 2015.10) I’d continued using in vitro fertilization to get the babies I wanted to study, but it was a struggle to produce live, healthy embryos. I needed more training.


I set my sights on a world-renowned developmental biology class at Friday Harbor Marine Laboratory—the second oldest marine station on the West Coast. Every summer for a hundred years, marine biology students and researchers from around the world have converged at Friday Harbor in Puget Sound, off the coast of Washington State, to collaborate, teach, and study.


I applied and was accepted to the class, which commenced two weeks after my wedding. Anton and I decided on an unconventional honeymoon, driving up the coast from Monterey to the San Juan Islands of Puget Sound. After several damp campsites, one tick bite, a party at the new in-laws’, and my first ride on a car ferry, I parked my dusty old stick shift in the Friday Harbor lot. Anton flew back to Monterey, and I proceeded to spend the next month doing what new brides throughout history have habitually done: spawn.


Over the weeks at Friday Harbor, I created baby starfish, sea urchins, sea cucumbers, sea snails, sea slugs, acorn worms, bristle worms, shrimp, crabs, and moss animals. I was introduced to a larva that looks like a tiny hippopotamus, and another that eats its own body like an ouroboros. I learned about the tremendous range of reproductive habits in the sea: Some species release eggs and sperm freely into the water, leaving fertilization up to the cells themselves. Others fertilize their own eggs but then let the embryos loose. Still others guard their fertilized eggs on the seafloor, or even incubate them inside their bodies until hatching.


From the very first day, the importance of cleanliness in an embryo laboratory was impressed upon us. All the glassware, the dishes and beakers and cups that we used, were marked “E” for “embryo,” to indicate they had never been touched by preservatives, had never been cleaned with anything but water. At the time, I saw this as a necessary step toward our end goal: successfully developing animals. Reflecting on it now, I’m fascinated by the implied sensitivity of embryos. What does it mean for animal development in the wild, that pollutants of many kinds have become near ubiquitous in the water, the air, and the soil? Is anything in the real world “embryo-clean” anymore? Perhaps not, and yet development has not ground to a total halt. Undoubtedly there are many hidden changes we have not yet quantified: reductions in the likelihood of survival to hatching or metamorphosis, adaptations by parents to increase the protection of their eggs or by embryos to cope with an impure environment.


Our study of development began with fertilization, as we learned how to extract eggs and sperm from various adult animals and mix them in appropriate ratios. We reveled in a mystery that has fascinated biologists since they first began observing fertilization under the microscope: Despite the thousands or millions of sperm outnumbering each egg, only a single sperm nucleus enters it. Many early embryologists held on to the old notion that sperm contained all the material that mattered in development, so they assumed that the sperm itself must be responsible for preventing multiple entry. However, in the first decade of the 1900s, the great developmental biologist Ernest Everett Just (1883–1941) showed that the incredible architecture of the egg cell prevents fertilization by multiple sperm. In fact, he observed two distinct sperm-repellent changes in a fertilized egg: a fast electrical block and a slower mechanical block.11


OEBPS/xhtml/nav.xhtml




Contents





		Cover



		Foreword by Richard Strathmann



		Introduction: A World of the Babies, by the Babies, for the Babies



		Part I: Bundles of Joy



		1. Eggs: Not Just a Bird Thing



		2. Provisioning: From Edible Siblings to Algal Life-Support



		3. Brooding Eggs: Carry Them, Sit on Them, Swallow Them Whole



		4. Pregnancy: Not Just a Mammal Thing











		Part II: Salad Days



		5. Unaccompanied Minors: Where Do the Escargot?



		6. It’s Just a Phase: Why Babies Look Like Aliens



		7. Lessons from Larvae: How Evolution Shaped Development and Vice Versa



		8. Raising Them Right: Conservation and Sustainability











		Part III: Coming of Age



		9. Metamorphosis: But Happier Than Kafka



		10. Juveniles: Neither One Thing nor Another



		11. Emergence: A Cicada Case Study











		Epilogue: Our Quiet Dependence on Babies



		Notes



		Acknowledgments



		Image Credits



		Index



		Also by Danna Staaf



		About the Author



		Copyright











Guide





		Cover



		Title



		Contents



		Foreword by Richard Strathmann



		Introduction: A World of the Babies, by the Babies, for the Babies



		Part I: Bundles of Joy



		1. Eggs: Not Just a Bird Thing



		Epilogue: Our Quiet Dependence on Babies



		Notes



		Acknowledgments



		Index



		Image Credits



		About the Author



		Copyright











Page List





		i



		ii



		iii



		iv



		v



		vi



		vii



		viii



		ix



		x



		xi



		xii



		1



		2



		3



		4



		5



		6



		7



		8



		9



		10



		11



		12



		13



		14



		15



		16



		17



		18



		19



		20



		21



		22



		23



		24



		25



		26



		27



		28



		29



		30



		31



		32



		33



		34



		35



		36



		37



		38



		39



		40



		41



		42



		43



		44



		45



		46



		47



		48



		49



		50



		51



		52



		53



		54



		55



		56



		57



		58



		59



		60



		61



		62



		63



		64



		65



		66



		67



		68



		69



		70



		71



		72



		73



		74



		75



		76



		77



		78



		79



		80



		81



		82



		83



		84



		85



		86



		87



		88



		89



		90



		91



		92



		93



		94



		95



		96



		97



		98



		99



		100



		101



		102



		103



		104



		105



		106



		107



		108



		109



		110



		111



		112



		113



		114



		115



		116



		117



		118



		119



		120



		121



		122



		123



		124



		125



		126



		127



		128



		129



		130



		131



		132



		133



		134



		135



		136



		137



		138



		139



		140



		141



		142



		143



		144



		145



		146



		147



		148



		149



		150



		151



		152



		153



		154



		155



		156



		157



		158



		159



		160



		161



		162



		163



		164



		165



		166



		167



		168



		169



		170



		171



		172



		173



		174



		175



		176



		177



		178



		179



		180



		181



		182



		183



		184



		185



		186



		187



		188



		189



		190



		191



		192



		193



		194



		195



		196



		197



		198



		199



		200



		201



		202



		203



		204



		205



		206



		207



		208



		209



		210



		211



		212



		213



		214



		215



		216



		217



		218



		219



		220



		221



		222



		223



		224



		225



		226



		227



		228



		229



		230



		231



		232



		233



		234



		235



		236



		237



		238



		239



		240



		241



		242



		243



		244



		245



		246



		247



		248



		249



		250



		251



		252



		253



		254



		255



		256



		257



		258



		259



		260



		261



		262











OEBPS/images/f0005-01.jpg





OEBPS/images/plate01.jpg
W\






OEBPS/images/9781615199334.jpg
The Wondrous Lives of Baby Animals
and the Extraordinary Ways
. They Shape Our World

“ DANNA STAAF

Author of Monarchs of the Sea






OEBPS/images/f0004-01.jpg





OEBPS/images/plate02.jpg





OEBPS/images/9781615199327_Title.jpg
NURSERY
EARTH

The Wondrous Lives of Baby Animals
and the Extraordinary Ways
They Shape Our World

DANNA STAAF

Foreword by Richard Strathmann, PhD

z
m
: ll‘
=<
o
£l
=

THE EXPERIMENT





