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To my mother, Veronica, who loved books.




“To us, ‘up’ is a ‘good’ direction. Not so, or not necessarily so, to an ant. ‘Up’ is where the food comes from, to be sure; but ‘down’ is where security, peace, and home are to be found. ‘Up’ is the scorching sun; freezing night; no shelter in the beloved tunnels; exile; death.”


—Ursula K. Le Guin (1974), 
“The Author of the Acacia Seeds” and 
Other Extracts from the Journal of the 
Association of Therolinguistics




CHAPTER 1


The Wondrous World 
of Burrows


Into the Dragon’s Lair


The alligator den had a big surprise for us. Its occupant was hidden inside a dark space down an inclined tunnel, its entrance denoted by a meter-wide, half-moon-shaped hole in the middle of a pine forest. The alligator’s presence was verified only by a rumbling growl, followed by an openmouthed hiss. The burrow chamber added resonance to these sounds, turning an already spooky situation into a downright portentous one. This sonic combo, intended as a warning, worked quite well in that respect, persuading all of us to issue a collective “Whoa!,” take a few steps back, and assess our situation.


It was yet another moment in my teaching career when I wondered how many other professors must concern themselves with apex predators showing up in their classrooms. Nonetheless, on the plus side, if any of my students had been bored with the course material, they were now very much engaged, perhaps even wondering if this alligator-related incident would be covered on the next exam.


At that moment, my undergraduate students, a faculty colleague, and I were deep in the interior of St. Catherines Island on the Georgia coast and on our sixth day of a March 2013 spring-break field course to the Georgia barrier islands. St. Catherines is an undeveloped island used mostly for scientific research and the fifth island we had visited thus far on our trip. My colleague was geographer Michael Page, who had joined us the previous day; he had been on St. Catherines with me once before to map alligator dens in July 2012. During that time, we documented dozens of dens next to water bodies, many of which hosted alligators. In some instances, we affirmed the identity and purpose of these big holes by witnessing alligators swimming or otherwise dashing into them. With other dens, we spotted tracks and tail-drag traces crisscrossing their entrances, effectively telling us not to get any closer.


This den, though, had no such fresh warning traces outside of it, meaning the contentious alligator inside had been there for a while. When the growl-hiss greeting broadcast from the den, Michael was standing above and behind the den, whereas I was almost directly in front. We had already seen about ten alligator dens that morning, all of them empty. This lulled us into a false sense of security, a confirmation bias that affected our better judgment when approaching this one. My prejudice was further bolstered by a memory of this very same burrow, which had had absolutely no sign of an alligator in it when Michael and I had examined it the previous summer. During that visit, we photographed and measured each den we encountered, as well as recorded their locations with a global positioning system (GPS) unit. But we remembered this specific den because it had the largest entrance of any we had seen, at more than a meter (3.3 feet) wide and 40 centimeters (16 inches) tall. It was big enough that I could have crawled into it, had I been so stupid.


Size aside, what really made this den memorable was its location, which was in the middle of the woods. As everyone should know, alligators normally live in water. Yet no lakes, ponds, or streams were within sight, and the forest floor around the den was carpeted with dry pine needles. Still, this den and several others nearby were located on the bank of what used to be a human-made canal. Thus Michael and I quite reasonably surmised the canal had been submerged sometime in the past—perhaps decades ago—which encouraged alligators to move into the neighborhood and dig dens. Later, drought and other changes in local hydrology must have altered the water supply in this area. So just as in any area where humans lack the basic means for survival—like nearby coffee shops offering pumpkin-spice lattes and free wi-fi—the alligators moved somewhere else.


In this instance, I had just begun explaining to our students how this was yet another example of an abandoned den made by previous generations of now-dead alligators. This meant it only served as the trace of a former alligator in what used to be an aquatic environment that later turned into a terrestrial environment. A fine hypothesis it was, but one so rudely proven wrong by the live, two-meter-long, body-armored, and bad-tempered saurian residing in its so-called abandoned home.


To my students’ credit, they had started us on the path to falsifying the notion that this big hole was gator-less. Once spotted, I greeted it like an old friend, enthusiastically striding toward its opening before delivering my little lecture to the assembled group. A few students stood back, impressed by the size of the hole and staring into its underground darkness, a seemingly bottomless pit of mystery. The whirring of zoom lenses and digitally rendered shutter sounds behind me told me they were taking plenty of pictures. I was pleased that they found this burrow as interesting as I did.


Suddenly, I was jarred out of my educational reverie when one of students said, “I see teeth in there.”


“Teeth?” I asked.


“Yeah,” she said, and others nodded agreement. She was looking into the den, while two others looked anxiously back and forth between their camera view-screens and the den, testing what they either observed or imagined.


“What kind of teeth?” I asked. Like a typical paleontologist, I was thinking of a disembodied skull or jaw, instead of a breathing animal bearing (or baring) those teeth.


“I don’t know. Could it be a snake?”


“Sure, that’s possible.” I had seen alligator dens with snakes in them before. Also, unlike certain fictional archaeologists, I like snakes and relished the thought that one might be in the burrow. “But you probably wouldn’t be seeing its teeth,” I said, as I became more confused about this unexpected shift in the lesson plan for my students. Puzzled, I stepped closer to the entrance, which is when I received an admonition from their “classmate” who had somehow (but understandably) made it past the registrar without paying tuition.


I looked up at Michael. The disbelief probably still registered on my face, but my expression also must have wordlessly asked him, “What do we do now?”


With his GPS unit in one hand, Michael smiled, and with barely suppressed glee at the absurdity of our predicament he said, “Guess we have to mark that one as occupied.”


Dens: The Swiss Army Knives of Alligator Survival


This alligator incident marked the beginning of an idea for me that had far wider implications than field-trip hijinks and close encounters with potentially dangerous foes. This idea stems from knowing how alligators descended from a lineage of crocodilians and their kin that were alive more than 200 million years ago (abbreviated mya), when dinosaurs were still stomping, fighting, nesting, eating, mating, peeing, pooping, and otherwise leaving their mark on the world. Yet when a meteorite smacked into the earth about 66 mya, this disaster and other problems caused a devastating worldwide crisis for life everywhere, whether in the oceans or on land. As a result, all of the dinosaurs that did not have the good sense to be birds died, leaving only their bones and traces. Meanwhile, alligators and other crocodilians carried on, as did a number of turtles, lizards, snakes, fishes, amphibians, insects, earthworms, mammals, and other animals we now accept as normal parts of our modern world. What did they have in their genetic or behavioral repertoire that could have helped them survive, but not dinosaurs?


Let’s think about birds first. As everyone with a five-year-old child knows by now, not all dinosaur lineages went extinct, as some evolved into modern birds. The first birds descended from theropod dinosaurs about 160 mya; most theropods were two-legged carnivores, such as cinema stars Velociraptor and Tyrannosaurus. So far, paleontologists have discovered about forty species of feathered theropods, enough that we can now confidently assert that most (if not all) theropod dinosaurs from the Jurassic and Cretaceous Periods (about 160–66 mya) were feathered. (This also means the Jurassic Park films, including Jurassic World, should have been rated R, because all of the raptors and other theropods portrayed in them were naked.) Anyway, feathered and flighted avian dinosaurs somehow survived a mass extinction that took out all of their relatives 66 mya.


Interestingly, on that very same island of St. Catherines and others off the Georgia coast, my students and I had witnessed interactions between birds and crocodilians that made us feel like we were back in the Cretaceous. Some island interiors held ponds with small islands, where tall wading birds—such as storks, herons, and egrets—built their nests on tree branches, well above land and water surfaces. In addition to the parents, their nests were protected by what seemed like unlikely allies: alligators. Because alligators were swimming in the ponds and staying nearby in dens, they served as convincing deterrents to raccoons or any other mammals that thought they could raid a bird’s nest and enjoy scrambled eggs for breakfast. This deal, however, was a Faustian bargain. As a Mafia-like payment, if a hatchling fell out of the nest and onto an island or into a pond, this hapless baby bird became an easy meal for any alligator lucky enough to be in the right place at the right time. Yet this brutal compensation is a much better deal for parent birds than having an entire egg clutch consumed by ruthless raccoons. Hence these birds and alligators may have coevolved their respective behaviors, with mutual arrangements struck by their ancestors millions of years ago.


So now let’s focus on the alligators, and specifically those on St. Catherines Island. At the time I visited there with my students in 2013, the alligators had been enduring a drought for the previous few years, part of a more severe overall pattern caused by less rainfall on the island during the past several decades. This meant the normal habitats for alligators—freshwater ponds and other wetlands—had shrunk, leaving them with fewer places to stay and make a living by killing fish and other animals. One might expect such low water supplies and dire conditions would have left alligator skeletons strewn throughout a desiccated landscape. Nonetheless, they were still very much present, active, and striking fear in more than just fish, continuing to survive by spending more time in dens. Alligators likely dug these big burrows along the edges of ponds, canals, and other wetlands during times of plentiful water; the dens then remained once the wetlands vanished and were succeeded by grasslands and forests. Yet alligators could still move back into these dens and use those that intersected the groundwater table below the surface.


Thus these underground “wetlands” served the purpose of keeping alligator skins moist, while conferring many other benefits. For instance, given that these dens held fresh water on an island where such supplies had become more precious, they also provided a tempting source of water for other animals, such as mammals and birds. Their thirst then neatly delivered the alligators’ groceries to them. All the alligators had to do was wait just within burrow entrances and snatch whatever looked large enough to eat. My students and I found evidence of this ambush strategy on that same field trip: two dens that had fresh carcasses outside of them. One den had just the remains of a vulture, its bones and feathers stuck in the entrance, whereas another had the remains of a raccoon about a meter away from its opening. A meter farther from the raccoon, though, was another dead vulture; the still-red bloodiness of both bodies suggested they had been killed in quick succession. So it was easy to think how the raccoon, once dispatched and only partially eaten, would have attracted the attention of vultures, supplying the den-dwelling alligator with a two-course meal. Similarly, older and long-abandoned dens in parts of the island had bone collections adorning their fronts, usually consisting of a jumbled mix of deer and raccoon parts. A few of these bones even held round, conical holes showing exactly where alligator teeth had punched into them. All of this trace evidence told us the alligators could switch from aquatic to terrestrial predation if necessary, like a shark deciding it was going to turn into a lion. This surprising behavioral transformation and adaptability in alligators was made possible through their dens, which during times of environmental change became all-purpose hunting lodges.


In addition to keeping their occupants wet and enabling them to ambush prey, dens served another important purpose, which was protection. For example, drought conditions on St. Catherines and other Georgia islands had increased the fuel load of dry pine needles and dead wood in island interiors, which bolstered the likelihood of lightning-caused fires racing through forests and grasslands alike. Sure enough, one such fire in the summer of 2012 scorched part of St. Catherines, with the blaze blackening a marshy area on the east side of the island. This same place had enough alligator dens in it that the island manager, Royce Hayes, had nicknamed it the “Nerve Center,” as in, you get really nervous when surrounded by so many alligator dens. The day after the fire had run its course, Royce and his wife, Christa, went there to survey its effects on the marsh, including the local fauna. There they were amazed to find fresh alligator tracks on top of a wildfire ash layer, made by alligators that apparently stayed safe and secure in their dens during the fire, and then emerged for a little walkabout.


If this use of alligator dens doesn’t impress as a form of protection, then think of alligator babies. That’s right: cute little alligator babies, which easily fit on the palm of an average adult human hand when newly hatched. Only later do they grow up to become monsters—much like how human children eventually turn into teenagers. Despite being so adorable, nearly everything bigger than a baby alligator—including other alligators—regards it as an appetizer. Hence these little tykes need defending, which is partially provided by their overprotective mothers, but also by dens. Alligator mothers stay with their offspring for as long as two years after they hatch, and if dens are nearby, they will use these not only as places with plenty of fresh water (which baby alligators need), but also for hiding the kids from trouble.


I have seen (or caused) the latter behavior many times on St. Catherines and other Georgia islands. My walking near a den or a small pond with baby alligators sets off their alarm calls, which consist of a series of high-pitched grunts: Imagine choking Kermit the Frog, only multiplied by a dozen. These noises send a clear signal that you could die, because a big momma gator is close by and now knows her babies are in danger. Once the babies sound the alarm, the mother either crawls or swims into the den headfirst, leading the way for her wee ones. Still grunting, they align and scramble together toward and into the den to be with mum. By then, she will have turned around in a large chamber very close to the burrow entrance, ready to defend her offspring against anything that might try to bring them harm, human or otherwise.


I have often wondered whether this reaction in alligators, triggered by an upright biped like myself, is an innate response to wading birds, such as the previously mentioned herons, egrets, and storks. These birds—perhaps avenging alligator-caused deaths of their chicks—are also known to hunt baby alligators. Still, not one is willing to approach a den with a large adult alligator in it, and instead will grudgingly respect its family values. In several instances, I have seen the mother’s massive head just behind the den entrance, almost daring you to get closer and test her evolutionary legacy.


Dens protect alligators of all ages in another way, which is from cold winters and hot summers. As most people know, alligators are “cold-blooded,” or if you want to impress your friends with your scientific vocabulary, you can say they are ectothermic. This means they cannot regulate their own body temperatures and instead have to rely on their surrounding environment to keep themselves within a range that allows for life to go on. For alligators, the ideal is about 27–32°C (80–90°F); any higher or lower than this range, they have problems. Surprisingly, though, alligators can live farther away from the equator than any modern crocodilians. (Alligators and crocodiles belong to the same evolutionarily related group, or clade, named Crocodylia or Crocodilia, with spelling depending on who you ask.) In my experience, when you play word-association games with people and say “alligator,” people will respond with “Florida.” But in North America, these big reptiles can live as far north as North Carolina, and how they accomplish this trick is by using dens. These burrows bestow a Goldilocks effect by averaging the temperatures of cold winters and hot summers, making it just right all year. On the Georgia coast, where summer temperatures can easily exceed 32°C (90°F) and water temperatures approach those of hot tubs, alligators duck into dens to cool down. Conversely, I have also seen large alligators out sunning themselves on near-freezing days in December, implying that a den was close by and kept them warm enough to get out for a little solar therapy. Similarly, cave enthusiasts (spelunkers) understand the mollifying effects of being underground quite well, enjoying what feels like cool and warm cave interiors during summer and winter (respectively), when the cave is actually the same temperature all year.


All of this brings us back to the unexpected burrow occupant my class and I encountered, while neatly answering the perfectly reasonable scientific inquiry: “What the heck was a large adult alligator doing in the middle of a forest?” Remember how I said we were visiting in March? The timing of our trip suggests this big critter had likely entered the den sometime during the winter, when temperatures dipped low enough and long enough that it needed to stay sufficiently warm to survive. We were there at the cusp of spring on the Georgia coast, when outdoor temperatures were edging closer to the alligator heaven of 27–32°C (80–90°F) instead of the crystalline cold of winter. Yet the weather in early March, with average lows around 10°C (50°F), was still not quite warm enough to coax this one out of its temporary refuge. Case in point: Photographs of my students from that day show them bundled up, some with hoods covering their heads. What was the year-round average temperature in this part of Georgia? More like 20°C (67°F), meaning if you lived underground all year, there would be no need to set a thermostat, as it would stay that way all of the time. While the weather outside was dipping below freezing, this big alligator and many of its compatriots had probably overwintered in dens that remained close to 70°F all winter. What cavers and other underground enthusiasts have learned through experience, alligators figured out through natural selection.


Given the multifaceted uses of dens, it is now easy to see how a simple statement can be made about the role dens have played in the evolutionary history of alligators: no dens, no alligators. This bold statement is backed up by a quick look at alligators’ living close relatives, such as the Chinese alligator (Alligator sinensis), which dig extensive tunnels in riverbanks to make dens, as well as other crocodilians that burrow to survive. In fact, more than half of all crocodilian species (14 out of 23) dig and live in burrows during times of environmental stress, such as droughts. Then consider how many salamanders, frogs, toads, turtles, lizards, snakes, and other ectothermic animals live at far higher latitudes than alligators. Nearly all of these animals accomplish this feat by spending winters underground or otherwise protected. Even self-heating endotherms—namely, birds and mammals—decrease their chances of freezing or sweltering by seeking shelter below ground surfaces. In short, these animals can’t move up unless they get down.


The Evolution Underground


These insights we gain from studying alligators’ dens suggest that at least some of the ancestors of modern-day alligators and crocodiles, and perhaps their bird companions, likely used burrows to get past the environmental hazards of the past. For an example of burrowing birds, just think of those charming, family-oriented, unstoppable krill-eating marchers, penguins. All penguin species live in the Southern Hemisphere and all polar bears live in the Northern Hemisphere, meaning that the only place you would ever see a polar bear eating a penguin is in a badly managed zoo. Yet despite the stereotype of penguins living only in Antarctica and huddling together for warmth there, most species actually live in a wide variety of environments. Moreover, greater than half of all penguin species make and live in burrows, which they use for—you guessed it—raising young, protecting themselves and their chicks from predators, and avoiding the harsh conditions of their outside environments. (Incidentally, the oldest known fossil penguins date from about 62 mya, just after the extinction of their non-avian dinosaur cousins. Coincidence? Maybe, but it is good food for future thought.) So alligator dens are by no means a unique instance of burrows allowing their makers to survive long enough to pass on genes to the next generation, while also enabling gene-passers to do more than just that. For many animals, burrows save and extend lives, while also serving as the places animal families call home.


Keeping this “burrow equals survival” theme in mind, and just in case you are still enthralled with the alligator-crocodile-bird success story of out-surviving non-avian dinosaurs, realize that this is not nearly as impressive as knowing how burrows contributed to the lineage you see reflected in your mirror every morning. Many mammals are fabulous burrowers, and this ability goes back even further into the geologic past than alligators, crocodiles, and birds. Ancestors of these furry vertebrates, called mammaliforms, evolved toward the end of the Triassic Period at about 220 mya, which was just after the start of the dinosaurs. The ancestors of mammaliforms, synapsid reptiles, originated even farther back in time, during the Carboniferous Period, more than 300 mya.


Once evolved, synapsids, such as Dimetrodon, were terrifically successful, adapting to and dominating land environments throughout the Permian Period (about 300–250 mya). Sadly (for them), nearly all went extinct at the end of the Permian, a time sometimes called “The Great Dying” because of how extreme global warming and other factors caused 95% of all species to wave good-bye to their evaporated gene pools. Notice I said “nearly,” which implies that a few made it into the next period, the Triassic. From these surviving synapsids, mammals evolved, and their descendants somehow made it past another mass extinction at the end of the Triassic, then were a constant presence throughout the heyday of the non-avian dinosaurs: Surviving, but not necessarily thriving. Then, once the dinosaurs died out in the next mass extinction at the end of the Cretaceous Period, about 66 mya, mammals really took off. This success led to our own primate lineage, some of which learned how to control fire, track game animals, identify useful plants, map the heavens, and, finally, flirt with emoticons.


How did mammals and their synapsid ancestors continue to persist and exist after three mass extinctions? One factor they had in common was the ability to make or otherwise occupy burrows. As will be explained later, the synapsids that made it past the end-Permian extinction were burrowers, enabling these toughies to endure the most horrific conditions the Earth could throw at them. Following that, mammals from the Jurassic Period on were (and many still are) burrowers. This makes sense if you imagine yourself the size of a shrew and living in environments where dinosaurs are everywhere. Some want to eat you, while others will carelessly step on you and carry your squashed remains like chewing gum on their feet for days. Oh, you say you live in deep burrows where no dinosaurs can find you or compress you into two dimensions? Yes, that will do nicely. Even better, you now also have the means for escaping global cooling, warming, drought, fires, storms, or other natural nastiness happening in the outside world. Congratulations, shrew-sized mammal: You win the survival sweepstakes, and one tiny branch of your descendants eventually gets to a point where it can discuss how you outlived the dinosaurs.


Burrows do not just start with synapsids and mammals, though, but also go much farther back in time as a tool for survival. For instance, during the Devonian and Carboniferous Periods (420–360 mya), lungfishes and amphibians were also digging down and living in burrows. Skeletons of these animals have even been found in their fossil burrows, connecting this behavior with modern-day burrowing lungfishes, as well as with salamanders, frogs, toads, and other amphibians that do the same. Burrowing behaviors enable these water-dependent animals to live in deserts or avoid the worst effects of droughts. Once self-buried, some lungfishes, frogs, and toads can stay underground and become torpid for months or years, popping out once water becomes more plentiful. Granted, lungfishes and amphibians fossilized in their burrows did not survive whatever fate entombed them. Yet enough of their relatives did and then bequeathed burrowing abilities to future generations, which is all that matters in evolution. Moreover, all of these animals descended from water-dwellers that flopped, slithered, crawled, or otherwise landed on foreign shores. How did these aquatic animals manage to overcome the desiccating effects of land environments after emerging from the water? Burrows certainly would have helped.


Much later, vertebrate burrows of all sizes and shapes also provided microhabitats for plenty of other species, which today are best exemplified by gopher tortoises and their homes. These seemingly unimpressive tortoises, which do not get much bigger around than a typical dinner plate, are incredible diggers, hollowing out tunnels that can be more than 10 meters (33 feet) long and 3 meters (10 feet) deep to keep themselves out of harm’s way. Their lengthy tunnels can also have nearly 400 species cohabitating in them, with at least a few of these species having evolved their own specialized niches over many generations of burrows. The underground “rain forests” of biodiversity in gopher tortoise burrows hint at the importance of vertebrate burrows for maintaining life’s balance in many ecosystems today.


But enough about vertebrates: What about the real overlords of the earth, such as worms and insects? How about other spineless animals that have adapted to nearly every terrestrial and marine environment? Do modern invertebrates live in burrows, and did their ancestors also live in burrows? Of course they do and did, as attested by anyone who owns a yard, strolled through a park, walked along seashores, or sat on an ant nest. Many of these burrows left a remarkable record of the evolutionary history of animals going back more than 550 mya, as they made transitions from surface living to deep burrowing, and as they moved from deep-sea environments to shallower sea bottoms, and from the sea to freshwater ponds and streams, and from the water to land. The bigger picture behind these everyday observations of many holes in the ground, however, is that the long history of these burrowing invertebrates completely altered global environments, from the deepest sea to the highest mountains, and even affected the atmosphere and climate. In short, the entire surface of our planet is built upon one big complex and constantly evolving burrow system, controlling the nature of our existence.


Did humans ever catch on to this fundamental way of life, figuring out that burrowing was an important part of earth history, and that burrowing into the earth was a great way to avoid danger? They sure did. And for that, let’s go back about 5,000 years to a place in what is now called Turkey, where people tapped into this deep evolutionary heritage and decided to emulate their burrowing-mammal ancestors in order to survive—an urge that continues through today.




CHAPTER 2


Beyond “Cavemen”: 
A Brief History of 
Humans Underground


Safely Below Anatolia


Our hotel room was a cave. Fortunately, my wife, Ruth, and I had been fully informed of this when booking it, hence our expectations synched with reality. Upon entering, we were delighted to see how its light-gray rock walls enclosed two connected chambers; one held a modernly furnished bedroom and the other a bathroom with sink, shower, and tub. The walls were not smooth, but textured, defined by finger-wide grooves and ridges. These traces were evidence of human carving and told us we were not in a natural cave, but one intentionally made to look and function like one. In terms of the latter, it seemed to work. Despite the heat of a summertime sun outside, the interior was cool and comfortable, not requiring any artificial air conditioning. We were very happy to stay there.


This rocky start to the day came after enduring a twelve-hour overnight bus ride from Istanbul to central Turkey. Upon arriving midmorning at the bus depot in the small town of Göreme, we were picked up by a hotel shuttle bus and taken uphill to our hotel. With typical Turkish hospitality, the staff greeted us cheerfully, and told us our room would be ready in a few hours, but first we must eat. The breakfast buffet, laden with olives, fresh tomatoes, cheeses, breads, and fruits, felt like a well-earned reward after our bus-confined journey, and we enthusiastically sampled what it had to offer. Afterward, we sat on a patio and took in our surroundings, some of which we had seen on the bus coming into town. It was marvelous.


This part of Turkey is called Cappadocia, a region defined by its geographic position between the Taurus Mountains to the south, coastal highlands north, the Euphrates River east, and various historical provinces west. Towns in the area include Göreme, Nevşehir, and a few others, but Cappadocia is largely a rural area with farms and pastures. It is also located on a plateau (steppe) about 1,000 meters (3,300 feet) above sea level, a highland formed by tectonic uplift accompanied by extensive volcanism. However, this was not what captivated us as we looked out onto the surrounding countryside. Cappadocia is world famous for its unusual geology which, combined with a longtime human presence, resulted in what is often described as a “fairyland.” This might seem like an odd way to describe a real place, but this term was understandably inspired by the landscape and how people have modified that terrain over the past several thousand years. As Ruth and I gazed around and down from our vantage point, we saw thousands of spires, towers, and pyramids rising above ground surfaces, apparently composed of the same gray rock surrounding our hotel room. As we regarded these prominences more closely, we could see many were dotted with rectangular windows, doors, and vestibules. In some we spotted in the distance, tiny figures appeared in or moved through these openings, seemingly affirming a magical kingdom inhabited by wee people who slipped in and out of the earth itself.


Yet, if this was a fairyland, it was one where its pixies had been under constant siege. Based on some of what I had read before coming there, at least a few of these rock-hewn homes were made more than 1,500 years ago by Christians trying to stay hidden from the then-reigning Romans. After the demise of the Roman Empire, invading Arabic forces of the Ottoman Empire gave people more incentive to dig into the local rock formations. And dig they did. Not only did the Christians living in this area make homes for themselves and their churches, but they also carved out vast underground cities capable of holding thousands of people.


Before saying much more about these elfin moles and their human history, it is probably best for me to back up just a bit, chronologically speaking. Fair warning, though: Because I’m a geologist, “just a bit” means a few million years. So let us consider some geological time units. For instance, think of the Miocene Epoch, which ranged from 23 to 5 mya, and the Pliocene Epoch, which immediately followed the Miocene and lasted until about 2.5 mya. (Both epochs are subdivisions of the Neogene Period.) During the latter part of the Miocene and earliest Pliocene, from 9 to 2 mya, conditions were hellish in Cappadocia. This hellishness, however, could not be blamed on a lack of Christians back then, but on plate tectonics. Colliding Eurasian and Afro-Arabian tectonic plates triggered extensive volcanism, some expressed as lava flows but most of which blanketed the land as volcanic ash flows and mudflows. The volcanic ash in particular—its mix of minerals corresponding to the igneous rock andesite—is what composed the vast majority of the bedrock in the evocative landscape in and around present-day Göreme and Nevşehir. Once ash solidifies, it forms a rock called ignimbrite, reflecting its fiery origin. Ignimbrites were deposited originally as thick layers of hot ash and other rocks, which welded together to make a sandy rock cemented by minerals and glass.


Nonetheless, the cement holding the rock together was not so strong, which made it softer than most other rocks. Granted, if I picked up a chunk of ignimbrite and threw it at someone, it would likely provoke a loud “ouch!” from my target and a well-deserved larger chunk thrown back at me. But if that same assaulted person then decided not to seek revenge, but instead whittled a little statue from the rock commemorating the event, he or she could easily create such an artwork using simple hand tools. Such differences in rock hardness, influenced by their degree of cementation, result in what geologists creatively call “hard rock” versus “soft rock.”


Thus without even knowing the geologic history of the area, people who lived on this plateau of central Turkey must have learned quickly that their bedrock was soft enough for them to fashion it into makeshift caves. This probably was not an accidental discovery, as the landscape itself would have hinted it could be shaped in various ways. For instance, the rounded spires, towers, and pyramids around Göreme looked as if a gigantic master sculptor had worked on them over many years. Yet these forms were actually a result of the soft ignimbrite first getting fractured, then worn away, by water and wind.


At some point after the Pliocene Epoch, weathering and erosion began working on the thick ashfall sediments, which had hardened a little since their deposition, but not enough to resist daily degradation. This breakdown of the rock progressed most quickly wherever it was fractured, as water would have flowed along the paths of least resistance. Over time, water-caused wear evidently made separate but closely spaced “islands” out of what used to be widespread and massive rock bodies exposed at the surface. If someone observed these processes as a time-lapse sequence over a few hundred thousand years, the pillars would have looked as if they were growing taller, like mushrooms popping out of the ground after a rainstorm. Instead, though, they were being “elevated” at the expense of the land around them, which eroded at a faster rate than the isolated rock bodies.


Such collections of rock pillars are called hoodoos, which non-geologists (but never geologists) also call “fairy chimneys.” Probably the most famous place in the world to see hoodoos is in Bryce Canyon National Park in Utah, but these striking features can form in any place with the right combination of soft bedrock, fracturing, intermittent flowing water, wind, and not enough plant roots to hold in soil. Nevertheless, for a hoodoo to form properly, it needs to be capped by harder rocks, such as those made by lava flows, which are accordingly more resistant to weathering than ashfall deposits. This harder rock prevents top-down erosion, and thus prevents a pillar from eroding down to just a short lump. In Cappadocia, such differences in erosion patterns imparted rounded to pointed caps on some of the hoodoos. This led to undeniably (and impressive) phallic forms in some hoodoos. Bawdy anatomical comparisons aside, these and other geologic features must have awed the first people who settled in this area, which based on archaeological evidence would have been more than 5,000 years ago.


So why dig into your local bedrock, other than to escape occasional invaders? Just a few days of Ruth and me walking to the underground dwellings and churches around and outside of Göreme during summer gave us a clue: It was hot and dry. These conditions ensured that we drank plenty of water in the morning and carried water bottles throughout the day, and we refilled them often. The steppe climate of Cappadocia, however, is not that of a pure desert, but more of seasonally variable one, where summers are hot and arid but winters are cool and wet. In an underground environment, these extremes in temperature and humidity average out, making for agreeable conditions all year round: not too cold or hot, not too humid or dry.


This may sound pleasant in itself, but anyone visualizing how they might live underground for months or years might also think about other biological basic needs. For instance, what about food and water? Today, any concerns about food scarcity are easy to forget in Turkey. As anyone who has spent more than a day there can attest, it is a nation abounding with wonderfully fresh, varied, and delicious food. Was this always the case, specifically for people living in the region of Cappadocia over the past few thousand years? Obviously people could not grow crops in dark places, but neither did they need to be down below all of the time. For water, healthy amounts of water are provided by winter rains and snow in the nearby volcanic mountains, meaning people could have had access to plenty of fresh water in the wet seasons. These water supplies then could be stored during dry times, whether directed downward into cisterns or accessed as groundwater through wells. Abundant water also ensured that people could grow their own grains, vegetables, and fruits during spring and summer, aided by good soils, and then harvest and store this bounty underground during the leaner months. The lush summer soil was richly productive because of mineral-rich sediments supplied by eroded volcanic rocks. In short, Cappadocia was—and still is—a great place to grow crops.


For example, even in the short time we visited there, bountiful apricot trees, many growing just outside the entrances of underground chambers around Göreme, were dropping their juicy fruits on the ground. Just a few bites of these delicious apricots drove home the point that even if you were living in a cave, good food could be mere steps outside your doorway. Apricots, dates, figs, olives, and other fruits could also be dried and stored underground indefinitely, supplementing grains and additional foodstuffs that were also in the right climate-controlled environment for preserving them. The countryside also had enough native vegetation for grazing livestock. Thus fresh milk was available from cows, sheep, and goats that could live just outside as well, which could be used to make cheeses that would last for months. The same livestock giving this milk were also walking larders and could be easily slaughtered, dressed, and brought down below after a quick trip to the surface. Even better, some domestic animals could be kept underground, cutting down on surface forays.


Many of these thoughts came to me during our first day in Göreme as we walked to nearby historic Byzantine churches and relatively small homes that had been hewn out of the local rock. Yet it was not until the second day in this area, with a tour to the former subterranean city of Derinkuyu, that I began to realize the astonishing magnitude of hard work and planning that went into making a functional and livable community for hundreds or thousands of people underground.


Derinkuyu today is a small town of about 10,000 people, and everyone lives where they can easily see the sky every day. Yet at one time a population twice that lived underground. The Derinkuyu underground city is the deepest known in the region of Cappadocia, plumbing depths of about 85 meters (280 feet), with five levels between the surface and its deepest parts, all carved out of the rock using nothing more than hand tools and people power. According to archaeologists and historians, this city might have been started well before Christians moved into the area, perhaps as long ago as when the Hittites were there, which was 3,000–5,000 years ago.


Other than living chambers, what else would the inhabitants of a city need to stay happy and healthy while working for extended times underground? Wine and olive oil, of course. For Derinkuyu, this meant creating rooms for pressing grapes and olives, as well as wineries for fermenting grapes. Also needed were food- and water-storage (cistern) areas, kitchens, stables for domestic animals, schoolrooms, and places for worship, with religions depending on who was living there at the time. For air circulation, a 55-meter (180-foot) deep ventilation shaft connected to the surface, and thousands of ventilation ducts emanated from this shaft, ensuring that chambers received air from the outside world. Rather than relying on wells—which could easily be poisoned or otherwise sabotaged at the surface by enemies—water was channeled from groundwater and through subsurface conduits. In a seasonally wet-dry climate, it made sense to tap into this underground water supply, instead of relying on ephemeral surface-water sources. For further comfort, linseed-oil lamps illuminated the darkness, with the oil coming from locally grown plants (species of Linum and Eruca). A room or two devoted to pressing plant seeds for their oils was helpful for keeping the lights on.


Although many passageways in Derinkuyu were narrow (more on that soon), some of the horizontal tunnels past these stairways opened up into veritable highways. Such widened corridors were used for moving livestock to and from stables. These were sensibly constructed on the first level, as even the most domesticated of animals would have resisted descending too far into the earth. Chambers connected by tunnels also ranged from the size of a Tokyo efficiency apartment to that of a spacious ballroom. These big rooms were held up by pillars, which were simply fashioned out of the stone. Small, embossed rectangular alcoves held oil lamps, which provided light at all levels. All in all, these functional spaces added up to a self-sufficient and relatively sustainable environment for its inhabitants.


Access to multiple levels and chambers in this underground complex was accomplished by shaping inclined stairways from the stone and long horizontal passageways, respectively. Both types of routes vary considerably in width and height, but most of the stairwells are tight, barely accommodating one person at a time. These were also short enough that the average-height people of today have to stoop to prevent unwanted rock–head collisions. However, the claustrophobic character of these stairways was not a flaw, but a feature, as they were designed for defense.


So let’s say it’s about 300 A.D. and a Roman century of about a hundred men shows up at one of the entrances to an underground city. Once there, the centurion in charge decides it’s time to conquer these people, or at least do some good old-fashioned pillaging. Nonetheless, because of the narrow stairways, the Roman soldiers are forced to move in single-file through a constricted space, reducing a mighty, thrusting Roman phalanx to a mere pinprick. Also, the underground layout is deliberately planned as a maze, and could be darkened instantly by residents dousing oil lamps as soon as the soldiers arrived. This creates a situation where the invading soldiers are literally in the dark and clueless about what awaits them around each corner, whereas the defenders know every nook and cranny. As every military tactician or horror-movie aficionado knows, proceeding under such conditions is a really bad idea. All that was needed were a few pointy sticks wielded by made-in-the-shade Cappadocian defenders to put a little damper on this Roman holiday. Given just a first few speared soldiers clogging the passageway, the others would have stopped behind the still-writhing bodies of their disemboweled comrades to pause, reflect, and perhaps reconsider their plundering ways.


Even if these soldiers got past the first few defenders, they then likely encountered thick, massive rounded stones that the inhabitants rolled across the stairways. Such barriers became psychologically more impenetrable with the knowledge that more spear-wielding people were on the other side, ready to protect their families. These stone doors also served to redirect intruders, causing them to double back and turn a different corner, where yet another trap might await them. Given enough losses and failures, our imaginary centurion eventually would have called it a day, gone back to camp, and sought out some surface dwellers to bother instead. Several centuries later (in years, that is), Arabic invaders would rediscover the same disadvantages of attacking these underground cities, and likewise make the wise choice to stay above it all with their vanquishing aspirations.


Everyone probably agrees that getting speared in a dark, narrow passageway is a bad way to die. But it could be worse. How about having boiling oil poured on you just as you enter through a doorway? However unfair it might sound, this tactic was used by the inhabitants of the underground city Özkonak. Although not quite as large or deep as Derinkuyu, Özkonak had ten levels and was similarly designed for sustaining a large population of people underground for a long time. However, its planners made conduits above its tunnel entrances, through which boiling oil was dumped onto home intruders. Özkonak also had another innovation that was apparently unique among the underground cities of Cappadocia, best described as “speaker pipes.” Residents used these 5-centimeter (2 inch) wide hollow tubes between levels and rooms to converse throughout the city. Much like today’s Internet, this series of tubes probably led to miscommunications, especially if messages were being relayed from level to level. Yet these pipes would have still provided major tactical advantages if the city was assaulted at multiple entrances, as defenders could have passed information very quickly throughout the complex.


Nevertheless, probably the greatest enemy in day-to-day underground living in Cappadocia was boredom. For instance, did these people feel isolated from other communities by living underground? Maybe, but this potential problem was solved by the people of Derinkuyu building an 8–9-kilometer (5-mile) long tunnel that joined with another underground city, Kaymakli. Kaymakli was wider than Derinkuyu but also shallower; still, it had eight levels below ground. Its ventilation shaft was deeper than the one at Derinkuyu, at about 80 meters (260 feet) long, but Kaymakli otherwise resembled Derinkuyu by having many small and large chambers, a food-storage room, and an all-important winery. Having Kaymakli and Derinkuyu connected must have been advantageous to people in both cities from the standpoint of exchanging goods and services, improving their social lives, easing ennui, and of course vanishing from their enemies.


Amazingly, Derinkuyu, Kaymakli, and Özkonak may not be the largest of underground cities in Cappadocia. In 2013, demolition workers in Nevşehir (north of Derinkuyu) discovered entrances to a previously unknown city, which is now considered as a good candidate for the biggest and deepest found thus far in the region. Preliminary studies by Turkish geophysicists suggest that it may be as deep as 113 meters (371 feet), covering an area of about 46 hectares (114 acres). Although its total number of levels is still undetermined, archaeologists have already verified extensive tunnels and stairways linking living chambers, air-circulation shafts, water conduits, kitchens, facilities for metalworking, and wineries. Like other nearby cities, it seems to have been designed for long-haul subsurface living, and other artifacts indicate that Christians used it often as a haven while waiting for the Ottoman Empire to fall. Today, it promises to be one of the greatest tourist attractions in the area, bringing in thousands of more people to go downtown (so to speak) and marvel at its subterranean wonders.


Does this newly discovered city in Nevşehir qualify as a candidate for the most extensive underground living space ever devised by humans, especially for defense? Perhaps for preindustrial times, but it was definitely surpassed by many ambitious defense-minded projects started in the mid–twentieth century. Appropriately enough, these were not encouraged by the threat of invading armies, but instead by the invention of weapons capable of causing our extinction.


Subsurface Surviving in Nuclear Times


It would be easy to look back on the reasoning of Cappadocia’s underground city planners, builders, and inhabitants as outdated, a product of their place and time. Yet despite thousands of years passing, the spread of people into nearly every ecological niche on earth, staggering advances in technology, and the ability to change world climate, whenever humans feel threatened, they still look underground for protection. This default behavior manifests itself in private citizens (nowadays called “preppers,” as in “preparing”) constructing personal shelters, whether intended to survive nuclear warfare or the much less likely threat of a zombie apocalypse. But this behavior also becomes apparent in small desert towns where people dig out their homes to keep comfortable year-round, as well as in modern cities where citizens wish to continue functioning through brutal winters. However, this protective instinct surely reached its zenith when industrialized nations began planning for their governments to survive worst-case scenarios inflicted by human-caused or natural disasters.


For the grandest example of a nation that devoted extravagant resources and human labor to subsurface subsistence of its government in case of war, look no further than the United States in the twentieth century. Although the U.S. was the reigning military superpower after World War II, its government wanted to further ensure its continued existence. This paranoia and keen sense of self-preservation was prompted by the Cold War, which the U.S. waged with the former Soviet Union (and to a lesser extent, the People’s Republic of China), with nuclear weapons at the crux of the threat. Whether delivered by bombers, land-based missiles, or missiles shot from submarines lurking just offshore, nuclear weapons were a source of dread, worth worrying about like no other menace.


Countermeasures to possible nuclear war ranged from the ridiculous to the profound. For the former, American citizens who grew up in the U.S. during the 1950s and 1960s may remember “duck and cover” drills conducted in public schools. In these drills, schoolchildren watched training films that showed them how to get low (“duck”) and below (“cover”) by hiding under their school desks, where they were quickly reminded of just how much gum had been discarded there over the years. This action was supposed to somehow shield them, just in case the Soviet Union or one of its allies lobbed a missile with a nuclear warhead at their schoolhouse. (Just to clarify: “Duck and cover” probably would not have worked very well.)


However, while this ineffectual training was going on, the U.S. government was implementing a more operative strategy that would have allowed at least a few people to survive atomic warfare. The plan was to get beneath the problem of M.A.D. (Mutually Assured Destruction) and, like the people of Cappadocia, dig out massive refuges in the earth. So, starting in the early 1950s, the U.S. began looking for places where key military personnel could be sheltered and maintain communications during and after a nuclear exchange with the Soviet Union.


In 1950, the U.S. military was authorized by the government to start excavating such a facility in Pennsylvania, which became known as the Raven Rock Mountain Complex. Raven Rock, also called “Site R,” is located near Pennsylvania’s southern border with Maryland and just southwest of the American Civil War battlefield of Gettysburg. Although this might seem a little out of the way for Washington bigwigs, it’s actually a short helicopter ride from the D.C. area and only about 10 kilometers (6 miles) from the president’s vacation home of Camp David. From 1951 to 1953, the underground part of Raven Rock was hewn out of greenstone, a metamorphosed basalt sometimes erroneously called “greenstone granite.” This rock formed originally as lava flows, which were then put under heat and pressure generated by colliding tectonic plates more than 300 mya, becoming part of the Blue Ridge province of the Appalachian Mountains.


To make this facility, which is located about 200 meters (650 feet) below the mountaintop, an estimated 14,000 cubic meters (500,000 cubic feet) of greenstone was removed from the mountain interior. This space was hollowed out to fit five office buildings, old-style (i.e., room-sized) computers, communication equipment, air-exchange systems, two water reservoirs and a water-treatment plant, power generators, living spaces, a dining hall (romantically named “Granite Cove”), an infirmary, and amenities such as a convenience store, barber shop, fitness center, and chapel. Office buildings had rock-wall partitions between them; appropriately, all buildings lacked windows, which admittedly saved costs on window washing, blinds, and curtains. A nine-story-tall microwave radio tower juts out from the mountain, but seven of its stories are buried. Raven Rock’s capacity was for about 3,000 people, and those not already there would have gained access to the underground facility via four vehicle entrances.


Raven Rock was used for joint communications between the U.S. Air Force, Navy, and Army throughout the Cold War, and still serves as an emergency center for those branches of the military. It was also set up so that the president of the United States, who might be close by at Camp David, could be kept safe there before or after an attack. Along those lines, Raven Rock supposedly served as Vice President Dick Cheney’s secret lair soon after the 2001 terrorist attacks in New York and Washington, which he denied, thus neatly verifying he was there. This base is still operational, so guided tours for the public, like the ones conducted of underground cities in central Turkey, are rather unlikely.


Another underground bunker constructed to safely handle national or international disasters is the High Point Special Facility, otherwise known as the Mount Weather Emergency Operations Center. It is located near Berryville, Virginia, about 80 kilometers (50 miles) from Washington. Rather than being connected directly to the U.S. military, this facility was built specifically to ensure the executive and judicial branches of the U.S. government would continue to function after a major disaster. Appropriately, the Federal Emergency Management Agency (FEMA) is in charge of Mount Weather. Excavation of the Mount Weather facility started in 1954 and its interior construction was finished in 1959.


Primary protection of Mount Weather was provided by its overlying geology, which, like Raven Rock, is also part of the Appalachian Mountains. However, the Mount Weather interior was also reinforced against attacks by more than 20,000 bolts, as well as a massive, more than 30-ton door that Cappadocians would have coveted. This interior holds the equivalent of twenty buildings, all connected by tunnels, and include a power generator, media studios, living spaces, dining halls, and a hospital. Perhaps most importantly for sustaining sanitary conditions over more than a few days, it also has large-capacity water reservoirs and its own sewage treatment plant. Although designed to hold several thousand people if needed, private bedrooms are reserved for the president, his or her cabinet, and even justices of the Supreme Court. Mount Weather was kept mostly out of public view until 1974, when a commercial jet crashed into its side because of bad weather. This accident brought in plenty of media folks who quite rightly wondered about the meaning of this odd taxpayer-funded facility beneath the crash site. The ensuing scrutiny resulted in U.S. government officials admitting the existence of Mount Weather, although it still continued to operate under high levels of security and secrecy.


As some citizens of the U.S. might recall from middle-school lessons, the U.S. has three branches of government, yet so far only two of those—the executive and judicial branches—seemed to have been protected by underground facilities. So what about the legislative branch, also known as the U.S. Congress (the House of Representatives and the Senate)? In a move that probably would not receive much support from U.S. voters today, a subterranean place was constructed to save members of Congress. Unsurprisingly, this congressional refuge was not placed beneath a school gymnasium, cornfield, or hazardous-waste dump, but instead was sited directly below a luxury hotel. The bunker, conceived in 1956 and built from 1959 through 1962, was located underneath the Greenbrier Resort in White Sulphur Springs, West Virginia. The host rock for the facility is the Millboro Shale, which is in the Allegheny Front of the Appalachian Mountains; sediments composing these rocks were deposited in an inland sea during the Late Devonian (380–360 million years ago). One code name applied to the facility was “Casper,” which presumably referred to a popular cartoon-character ghost, who could easily appear and disappear. Still, considering its intended somnambulistic guests, it just as easily could have been named after the Casper mattress company. Another code name, “Project Greek Island,” left little doubt about how legislators imagined their continued existence would play out while the rest of the U.S. was a smoldering radioactive wasteland.


Analogous to its proposed occupants, this facility was shallow, with its first level only about 6 meters (20 feet) below ground, and consisting of more than 10,000 square meters (107,640 square feet) of space. It also had government-provided housing (dormitory), meals (food rations, kitchen, and dining hall), health care (hospital), and broadcasting (television station and other communications equipment), as well as other perks these officials would have denied their constituents just before the latter were unceremoniously nuked. Tragically, no golf courses, boutique wineries, spas, or cigar shops were included in its underground floor plans, reflecting the dire conditions that would have been imposed on its guests. Although the U.S. Congress has 535 voting representatives, “Casper/Greek Island” was also designed to sustain nearly 1,000 people for two months, which would have allowed for a bare-minimum complement of about 500 Washington lobbyists to join their employees. (In all seriousness, though, a former speaker of the House, Thomas “Tip” O’Neill, said that Congress members were told they could not bring their families there, creating a moral dilemma for anyone fleeing an attacked Capitol.)


In the event of a national emergency, 25-ton doors would have blocked vehicle and pedestrian entrances to the underground structure. Further protection was supplied by thick layers of concrete and steel, with an estimated 50,000 tons of concrete poured into the site. Above ground, federal authorities could commandeer the entire Greenbrier Resort if necessary. The West Virginia Wing of the hotel included two auditoriums, each sized to accommodate the House of Representatives and the Senate, and an exhibit hall for holding joint session of Congress. Unfortunately for all voters who like the idea of their elected officials going down a hole and forever vanishing from public sight, a 1992 Washington Post article revealed “Project Greek Island” for the needless boondoggle it was, and it was closed in 1995. However, the Greenbrier Resort capitalized on its notoriety, with the staff now conducting guided tours of this Cold War relic.


As an example of how thinking went even further down in the Pentagon, U.S. military planners suggested yet another U.S. government installation in 1962, imaginatively dubbed the Deep Underground Command Center. However, it was never built. This facility, which was supposed to be near the Pentagon and serve the U.S. military, would have more than fulfilled its appellation, as it was supposed to be sited 1,000 meters (3,280 feet) below ground. Had it been constructed, it would have been designed to resist a direct hit from a nuclear bomb, and host 50 to 300 military personnel for more than 30 days while they figured out how to respond to an attack on the U.S. capital or other parts of the nation.


Meanwhile, on the other side of the continent, NORAD (the North American Aerospace Defense Command), located in Colorado Springs, Colorado, but jointly operated by the United States and Canada, was conceived as an early-warning/defense system against enemy missile attacks. However, because NORAD’s headquarters was on the surface, an alternate facility (the Alternate Command Center) was housed inside Cheyenne Mountain just outside of Colorado Springs. Protected by about 600 meters (1,969 feet) of igneous rock, this subsurface command center was intended as a blast-proof bunker. This still-impressive (and operational) center possesses: multiple massive steel blast doors designed to endure a 30-megaton nuclear explosion; access and side tunnels; main chambers; a water reservoir; ventilation systems (with air filters); power generators; a medical treatment center; and much more. The entire facility is contained within the equivalent of 15 three-story buildings and protected by more than a thousand giant shock-absorbing springs that keep these structures in place, just in case of natural or bomb-imposed earthquakes. The Cheyenne Mountain NORAD facility is also supposedly the only U.S. military installation guaranteed to withstand the electromagnetic pulse (EMP) emitted by a nuclear weapon, which would disable nearly all electronic communications equipment on the surface.


Massive underground bunkers meant to endure nuclear attacks were not just an American invention, but were also constructed by its main nuclear rival, the Soviet Union. Like the U.S., the Soviet government developed subsurface centers for continuity of its leadership, as well as extensive subways and tunnels underneath Moscow and surrounding areas to connect these centers. A 1991 report by the U.S. Department of Defense noted that one bunker was directly below the Kremlin and another near Moscow State University. In this same report, both bunkers were estimated to be 200–300 meters (657–985 feet) deep and capable of hosting about 10,000 people. The facility next to the university, which was below the Ramenki district of Moscow, was later confirmed and nicknamed the “Underground City.” According to some Russian sources, it could have held 15,000 people, although for how long is unknown. With the end of the Cold War, at least one former bunker (“Bunker 42”), which is located about 60 meters (197 feet) beneath the surface, was converted into a tourist attraction. For an admission fee, visitors can see the rooms, tunnels, and equipment that Soviet personnel would have used to survive a nuclear attack, and imagine bombs exploding on the surface, incinerating their comrades. But if this is not enough fun for tourists, they can always hang out in its restaurant and karaoke bar: perestroika, indeed.


The People’s Republic of China was another nuclear weapon–bearing nation that sought protection through subsurface hideaways. In 1969, following a serious skirmish on the Soviet-Chinese border, Chairman Mao Zedong commanded Beijing residents to prepare for the possibility of conventional or atomic bombs being dropped on their city, an order that could have been stated simply as “Start digging.” And dig they did, as approximately 300,000 people excavated more than 20,000 bomb shelters underneath Beijing. These shelters could be accessed through thousands of hidden entrances in homes and other buildings, connected by more than 30 kilometers (18 miles) of tunnels. Similar to Cappadocians from many centuries previous, Beijing citizens mostly used hand tools and human power to make this underground system. Moreover, they also put in thousands of ventilation shafts, located potential well sites, and made food caches for hundreds of thousands of people living in these shelters. To lend a sense of normalcy to this siege mentality, classrooms, restaurants, movie theaters, and other comforts of home were later opened in this city-beneath-a-city.


Following Mao’s death in 1976, and as the threat of a Soviet annihilation was replaced by the siren call of capitalism, more and more of these shelters and tunnels were converted into commercial spaces and housing, some of it for long-term renters but also for hostels. Additionally, the Chinese government required all new building projects to incorporate underground structures as emergency shelters, but with the requirement that these also have a commercial purpose. As Beijing commercial real estate boomed in a non-nuclear way up to and after the 2008 Olympics there, many new arrivals began moving into this cheaper underground housing.


Today, as many as a million people live in what has been called Dixia Cheng (“The Underground City”), partially for its inexpensive rent, but also to mollify the effects of Beijing’s hot and humid summers, which alternate with bitterly cold and dry winters. Subsurface living is further encouraged by dust storms that arrive with every spring. However, it is not this seasonal disturbance that gives residents yet another reason to seek refuge below ground whenever necessary, but rather human-caused air pollution. Now infamous for its severity, Beijing’s air pollution is caused by increased industrialization depending on coal as a main energy source, as well as millions of cars replacing bicycles as personal transportation over the past few decades. As is typical in big cities with smog, this pollution becomes far worse with summertime heat, a double whammy that makes an underground environment all the more appealing.


All of the preceding shows the extremes of how governments will create subsurface environments to survive horrific assaults by our own species. Nonetheless, the “underground city” of Beijing also demonstrates another benefit of going below, which is to protect people from environmental threats. This trait, which humanity shares with all other burrowing animals, is one we often choose whenever trying to cope with places where climate alone can bring us great harm.


Winning the Cold (or Hot) War


Before the Cold War started and well after it had ended, people used underground environments to fight environmentally induced cold, heat, or both, depending on where they lived. Although each environment provided an impetus for such measures, the degree to which people adapted their underground homes in accordance with surface conditions varied considerably and ranged from small villages to large, modern cities.


So let’s start with a hot spot. One of the most interesting underground towns in the world is also located in one of the most inhospitable places imaginable for humans who do hard labor for a living, Coober Pedy in south Australia. Coober Pedy is a community of a few thousand people in the middle of the central desert of Australia, nearly 900 kilometers (560 miles) north of the nearest sizeable city, Adelaide. Its unusual name comes from a corruption of kupa-piti, an indigenous (aboriginal) term that translates as “white man’s hole.” This naming was inspired by how melanin-challenged people of European descent, once entering the longtime territory of aboriginal people, soon afterward dug into the ground and eventually lived in holes of their making.


What motivated non-native people to move to the middle of a desert, dig below it, and then live there? Opal, and heaps of it. In 1915, when prospectors began looking for earth resources in the Coober Pedy area, they were astonished to find much high-quality opal there. Opal is an iridescent gemstone mostly made of silica (SiO2), but includes some water in its mineral structure. The opal of Coober Pedy is normally found in sandstone beds of the Bulldog Shale, a geologic formation formed when a shallow sea covered this region during the Early Cretaceous (about 110 mya). As the seas receded from this region more than 50 million years later, acidic groundwater dissolved some of the clay minerals and quartz in the Cretaceous rocks, which put silica into solution. This silica then combined with water and precipitated as opal in vast quantities, making the area around Coober Pedy the richest opal deposit in the world. The opal is so abundant that some of it even filled interior spaces of Cretaceous clams, snails, and marine-reptile bones, creating gorgeously sparkly fossils.


However, acquiring this opal for moneymaking purposes meant mining, and in early twentieth-century Australia, most miners dug into the opal-bearing sandstone using hand tools. As they excavated shafts and tunnels, though, they also were reminded daily that they lived in a very hot and arid desert, where daytime temperatures during the summer could reach 40–45°C (104–113°F). Also, as is typical of deserts, temperatures fluctuated considerably between the day and night, giving miners the exhilarating experience of heat exhaustion during the day and hypothermia at night. That is, if they stayed on the surface. What they soon discovered after spending so much time underground was that temperature swings were moderated. Indeed, when not swinging a pickaxe or hammer while breathing in Cretaceous rock dust, miners found the underground quite pleasant. So down they went. Accordingly, people modified abandoned mine tunnels, added rooms by subtracting rock, and otherwise whittled out dream homes where they could rest and recreate in comfort. Even today, despite the subsequent invention of air conditioning, nearly all of the several thousand Coober Pedy residents still choose to live underground. This choice is quite sensible as it saves on potentially exorbitant power bills, while also making a unique hook for attracting tourists who might not otherwise consider visiting an Australian desert for fun. Like the former Cold War bunkers of Moscow and Beijing, Coober Pedy also has underground amenities for visitors, such as hotels, restaurants, and (of course) pubs.


If you then had to name a city with nearly all of the opposite qualities of Coober Pedy, you would do fairly well by naming Montreal, Quebec (Canada). However, even though Montreal is literally on the other side of the world from Coober Pedy, and on the opposite end of the spectrum in both climate (warm, humid summers alternating with very cold winters) and population (more than 3,500,000 people in its metropolitan area), the two cities share a subsurface solution to the environmental challenges faced by their residents.


Winter months in Montreal can be brutal, even for Canadians who take great national pride in thermal deprivation. January temperatures average around –10°C (14°F), and winter snowfalls normally total about 2 meters (6.6 feet), but of course can exceed this average. These conditions also do not take into account wind chill, which can make already frigid temperatures feel more like –25°C (–13°F). Although average highs in summer, at 24–27°C (75–80°F), are far below those of Australia’s central desert, high humidity can be discomforting and frequent thunderstorms tend to dampen outdoor activities, too. Considering this situation, Montreal residents would be perfectly justified in huddling at home most of the year, perhaps occasionally venturing outside during the winter for food supplies or going to the airport so they can fly to some place more tropical and exotic, like Toronto.


As a result of its inhospitable climate, Montreal city planners and developers over the past 50 years began having deep thoughts, and these visions were realized in what is now called RÉSO, or La Ville Souterraine (“The Underground City”). Montreal was built on glacial clay, sand, pebbles, and gravel from the Pleistocene Epoch (2.5 million to 12,000 years ago), which were deposited either directly by glaciers, by glacial meltwater, or in glacial lakes. Most of this “bedrock” is relatively unconsolidated, which made it easy to excavate for the RÉSO. This complex, covering a 12-square-kilometer (4.6 square mile) area below the central business district (thus qualifying as a real “downtown”), is connected by about 32 kilometers (20 miles) of pedestrian-amenable tunnels linked to the subway system, the Montreal Métro.


Montreal’s Underground City began simply as an office building with an underground mall in 1962, but expanded dramatically with further development of the Métro throughout the 1960s. Métro stations were deliberately sited below major office buildings, both to alleviate car traffic and to ease employee access to their workplaces, especially during winter. With expansion of the Métro system through the 1970s to the 1990s came more buildings and shopping malls, accompanied later by apartments, condominiums, hotels, restaurants, art museums, concert halls, cinemas, public plazas, and much more. Universities, always known for having a metaphorical “student underground,” also linked to this system, with students, staff, and faculty of the Université du Québec à Montréal (University of Quebec in Montreal) and McGill University using it to get to and from campus buildings. On any given day (but more so during the winters), anywhere from a quarter to a half million people pass through this network. Hence although the RÉSO was an ad-hoc development, and much of it is actually more of an “indoor city” rather than fully below the surface, it still qualifies as the best-developed underground network of any city in the world.


The Subsurface Redemption


Whenever humans have needed to flee an undesirable situation, they have often looked for underground solutions, such as tunneling through soil or rock. Digging one’s way to freedom was probably best dramatized in the 1994 film The Shawshank Redemption, in which a wrongly convicted man uses a small rock hammer to chip away at the wall of his prison cell for many years, eventually making a tunnel that allows him to escape. A real-life example of a well-dug tunnel being used for a prison break happened on July 11, 2015, when the notorious Mexican drug lord Joaquín Guzmán Loera (nicknamed El Chapo) said adiós to his cell by dropping down into a vertical shaft underneath his shower stall, which connected to a tunnel. The tunnel joined another vertical shaft below a “construction site” 1.4 kilometers (0.9 miles) away from the maximum-security Altiplano Prison, which was immediately demoted to somewhat-moderate-security status. The tunnel, evidently excavated by people under his employ, was marvelously engineered, reinforced by wooden beams and outfitted with adequate ventilation and electric lighting along its length. A customized motorcycle set on rails was likely used to move rocks and dirt out of the tunnel as it was built, but also might have been ridden by Guzmán to speed him along. Guzmán, who was recaptured on January 6, 2016, was quite a fan of subsurface transport of drugs and people. His cartel is credited with the construction of many drug-smuggling tunnels under the border between Tijuana (Mexico) and San Diego (U.S.), demonstrating the ineffectiveness of border walls or other surface barriers when applied against people who think more deeply.


Perhaps the most famous of escape tunnel feats was in 1944, when 76 Allied soldiers burrowed their way out of the World War II Stalag Luft III (German) prisoner of war camp in Poland, a breakout that later inspired the 1963 movie The Great Escape. Scientists also recently uncovered physical evidence for another World War II example of people using a tunnel to free themselves from Nazi oppressors. In 1943–44, about 80 Jews from the Stuffhoff concentration camp near Vilnius, Lithuania, were forced to conceal war crimes from approaching Soviet troops by unearthing and burning thousands of bodies from mass graves in the Ponary “killing fields.” Because the laborers were kept in a pit, they took advantage of this topographic low, going in to get out. For 76 days, using just their hands and spoons they found with exhumed bodies, they secretly dug a 35-meter (115 foot) long tunnel into the side of the pit. On April 14, 1944 (the last day of Passover), about half of them fled through their hand-hewn conduit. Although most were caught and killed, a dozen made it to the nearby forest and liberation, living to tell of the atrocities they had experienced. In June 2016, an international team of geoscientists and archaeologists, using geophysical tools to scan the ground in and around the pit, detected the subsurface tunnel and finally documented the escapees’ traces, evidence of their extreme determination and survival.


To summarize, people ranging from military and government planners in high places with extremely large discretionary budgets thinking about the unthinkable, to early twentieth-century miners, to modern-city planners, to those escaping justice or persecution, were all linked by extant or imagined dismal situations, whether temporary or permanent. Yet time and time again, they came up with a common solution. Their best plan for enduring everything from bad weather to the most heinous inventions in the history of humanity echoed what hundreds of generations of people in Cappadocia had done: Go below.


The Burrowing Imitation Game


With limited time in Cappadocia before moving on to other parts of Turkey, my wife, Ruth, and I had a choice of seeing either of the underground cities in our immediate area—Derinkuyu or Kaymakli—but not both. Somewhat arbitrarily, we picked a tour to Derinkuyu, and we were very glad we did. Not only was it an informative outing (or was it an “inning”?) and an extraordinary place to visit, but it also offered a wonderful moment of synchronicity that occasionally happens to scientists of my ilk.


After spending about two hours underground at Derinkuyu, we had nearly reached the surface, but paused at the first level to learn from our guide about the former stables there. There we intersected with another group near the end of their tour, composed of inquisitive tourists like our group. Yet I certainly did not expect to see anyone in this group I knew, let alone knew well. It was all the more shocking when I turned a corner in a stable chamber and nearly bumped into my longtime friend and colleague, Dr. Renata Guimarães Netto, visiting from Porto Alegre, Brazil. Renata, who also is an ichnologist (someone who studies animal traces), was just as surprised as I was, and once we got over being taken aback, we warmly greeted each other and laughed at our good fortune. I turned to Ruth behind me and said, “Look who’s here!”, as they had met just the year before at an ichnology conference. Along with such a delightful surprise, though, we soon assessed how this crazy coincidence of Renata and my being in the same place and time (and underground, no less) was almost inevitable.


Like me, Renata is a university scientist and is well known for her research in animal burrows. She is particularly knowledgeable about modern and fossil crustacean burrows, such as those made by burrowing shrimp, crabs, or lobsters, with much of her research done in South America. We were both in Turkey for an international ichnology conference a few days later in the coastal city of Çanakkale, where each of us would be presenting research on fossil burrows. (Ruth and I had front-loaded our trip with the vacation part, which included Istanbul and Cappadocia as our main touristic goals before going to the conference.)


Nonetheless, Çanakkale was another twelve-hour bus ride from Cappadocia, and hence far out of the way for us conference goers. This led to our asking each other, “Why are you here in Cappadocia?” The answer for both of us was a shared interest in the fabulous and world-famous geology of the area, but also how its friable bedrock had offered the opportunity for preindustrial peoples there to modify it extensively, carried out to extremes with underground cities like Derinkuyu. Renata and I then agreed that it was not so strange for an American and a Brazilian ichnologist to encounter each other underground in the middle of Turkey. After all, we both were fascinated by animal burrows and had studied complicated burrow systems. Of course we would gravitate to a place with huge, complex underground burrows, ones that begged for comparison to the crustacean burrows each of us had studied.


This not-really-a-fluke meeting of the ichnological minds raised some good questions. For the people who first started digging into the bedrock of Cappadocia, was this an original idea for them? In other words, did they come up with such plans to make massive and extensive underground communities on their own? Or were they inspired by someone (or something) else? Also, once started, did new generations of people alter their subsurface dwellings as they gained more knowledge and experience, finding out what did or did not work? Or might they have also they learned “best practices” by watching other burrowing animals that lived in the same area?


To better contemplate that last question, let’s do a little thought exercise. Imagine a giant ichnologist with the vast knowledge of Dr. Netto visiting Cappadocia more than a thousand years ago, and with the occupants of Derinkuyu and Kaymakli as Lilliputians (or fairies, if you prefer). From the surface, this grand ichnologist spots a few of the many entrances to these underground cities; with a little more investigating, she then finds the hidden portals. She maps these openings to see if any patterns emerge, such as groupings that might give clues about the how this colony functions. For instance, more openings might be close to fruit orchards or other crops, rivers, or other resources needed for the colony to function properly.


After mapping the surface—while enduring stings from spears and mild burns from boiling oil flung by the city’s tiny occupants, who at some point either flee the scene or hide in the deepest chambers—she carefully excavates down to each level. This investigation reveals wide, rectangular or rounded chambers interconnected by thinner horizontal tunnels and inclined stairways, as well as the vertical ventilation shaft with its many lateral branches. She maps each level and eventually compiles these maps to look for vertical changes in the overall architecture of the city.


Once the lowermost level is reached and she is satisfied that it is the deepest, she cuts a vertical slice through one side of the city, then another, and another, all evenly spaced and parallel to one another. These sections help to show how the different levels relate to one another laterally, and whether smaller or larger chambers are concentrated at the top, bottom, or distributed evenly throughout. This sort of painstaking analysis, accompanied by much labeled sketching and measuring, results in a mental image of the three-dimensional form of the city. Because it is a complex structure made over multiple generations, it surely would defy easy interpretations if just examined from the surface alone.


If all of this excavating, mapping, drawing, measuring, and thinking sounds like a lot of work, it is. So let’s say you’re another giant ichnologist who wants to scoop your rival, while also using an easier method to study the overall form of an underground Cappadocian colony. To accomplish this, you locate all of the entrances on the surface, mix up a huge volume of cement, and pour it down those holes. Yes, this would kill all of the occupants, and you would be stealing the other ichnologist’s research ideas, but you reassure yourself that it will be well worth it for a cover article in a high-impact research journal. Anyway, after pouring, you would wait a while for the cement to set, and then dig out the resulting cast. Voilà! You would have a beautifully rendered and complicated arrangement of shafts, tunnels, chambers, dotted by entombed Cappadocians and their livestock, as well as purple-stained areas denoting locations of the wineries.


The point of the preceding faux-genocidal scenario is to note that once considerations of scale and humanity are set aside, the underground cities of Cappadocia might resemble those of an ant colony or crustacean burrow system. As we will learn in upcoming chapters, some invertebrates can create such exquisitely complex burrows that they defy glib characterizations of these animals as “simple.” However, if you still object to the idea of our species being compared to invertebrate burrowers, then you might think about the underground systems made by closer kin, such as naked mole rats, ground squirrels, gophers, and other small burrowing mammals. This convergence in form related to the function of a mammal burrow system and an underground city might seem remarkable, but it is not. After all, a poorly constructed underground shelter, whether made for an individual, family, or community, would quickly result in the deaths of its makers. And death has an annoying habit of preventing genes from getting passed on to the next generation: No evolution for you.


So just to review the traits of a Cappadocian subsurface city, it minimally had the following: more than one access point to resources on the surface; multiple levels with different functions; living chambers; food caches; water storage; defenses; proper ventilation for air circulation; proper waste disposal; and places where other species (livestock) could be kept. Well, guess what: Nearly all of these traits are also in other mammal burrow systems. Even better, a burrowing mammal still common in Cappadocia and throughout much of Eurasia that fulfills most of this underground-living checklist is the European badger (Meles meles).


European badgers, like their relatives in North America, Africa, and elsewhere are well known as ferocious predators, but perhaps are less famous as burrowers. Like many other members of the weasel family (Mustelidae), these badgers excavate and use burrows and excel at it. This is not surprising once you examine their robust claws, arms, and shoulders, which are well adapted for digging out complex and communal burrow systems in soils. These systems have many surface openings used as entrances or exits; some of the openings are used only for leaving the burrow, and never for entering, analogous to always arriving through the front door of a house and leaving from its back door. Tunnels leading to and from openings then connect with larger chambers used as dens, also called setts.


Badger setts are used for resting, sleeping, and nesting, and are typically occupied by one badger family. Setts are also placed more than 5 meters (16 feet) away from an entrance, and usually are 1–2 meters (3.3–6.6 feet) deep, which is far enough to make nest chambers easier to defend from anything hankering for a baby badger. (To all aspiring predators of badger babies trying to get past their parents in a burrow: Good luck with that.) However, setts of different families are by no means separated from one another, but linked through more tunnels. Burrow systems also can be reused and expanded over generations, resulting in networks with hundreds of meters of tunnels, and more than a dozen badger families all living together in the same underground city.


Sound familiar? It gets better. These badgers bring in grasses, leaves, mosses, and other vegetation from the outside world to line their chambers, which they discard and replace frequently. They also keep their burrows quite tidy, making sure all waste is deposited outside. Even when a badger dies, its family members will either convert a sett into a burial chamber by closing it off or drag the body outside and bury it there. Once other mammals—such as foxes and rabbits—see such attractive subsurface real estate, these animals might even cohabitate with the badgers, as the burrow systems are big enough that they may not run into one another.


Given all of these parallels in form and function of human and badger colonies, one might wonder if the Cappadocians were actually ichnologists who carefully watched, studied, and mimicked the European badgers living in the steppe of Cappadocia 5,000 years ago. Then, did future generations of humans living in the area continue the traditions of the pioneering human burrowers there or of those of other mammals in the area? I have no idea, and absolutely no evidence to back up such speculations. Nonetheless, it is worth making a parallel comparison to show how two different mammal species living in the same ecosystem arrived at similar solutions when faced with challenges, whether from rivals competing for the same space and resources or from the environment itself. Going a step further, even more remarkable are the parallels in planning used for the underground cities of Cappadocia to the modern, industrial ones used for ensuring the survival of a population.


This brief review of human burrowing as a form of protection and escape alludes to the original phrase of “duck and cover,” but implemented as a plan by ducking and covering underground, rather than under a mere desk. However, if one goes back to the original 1951 “Duck and Cover” propaganda film produced by the U.S. Federal Civil Defense Administration, you will see that a human was not used as a symbol for ducking and covering. Instead, a cartoon turtle, nicknamed “Bert the Turtle”—who actually looks more like a tortoise—stars as the animal that, once threatened by an impending explosion wielded by a mischievous monkey, expertly drops to the ground and retracts all of his limbs into his shell. The overt message of the film for 1950s children and adults alike was that Bert the Turtle/Tortoise stayed safe from danger by ducking and covering.


Interestingly, a modern animal provides a much better example of ducking and covering, but uses burrows to protect it and its offspring through all sorts of peril. For subterranean inspiration in this respect, look no further than the southeastern United States and a humble-looking reptile, the gopher tortoise (Gopherus polyphemus). Not only is this tortoise one of the most accomplished of all animal burrowers, but it also serves as a landlord for many other animals by creating special environments that drive biodiversity up as tortoises dig down.




CHAPTER 3


Kaleidoscopes of 
Dug-Out Diversity


Grown-up Non-Mutant Burrowing Tortoises


The hole in the ground was not very wide, but it sure was deep. As I peered down its half-moon-shaped entrance, its walls dissolved into darkness. Yet this hole did not go straight down. Instead, it was built like a ramp, sloping about 30 degrees relative to the low mound of sand where I knelt directly in front of it. Based on what I could see from the first few meters, the half-moon shape continued downward, rounded on top and flat-bottomed, looking vaguely like a freeway tunnel in New York City. This tunnel, however, was held up not by cement or steel, but by compacted sand, and thin plant roots punctuated its rough, corrugated walls. I listened carefully to this inside environment, hoping it would act as a resonating chamber for whoever might be home, but only silence returned. A quick inhalation of breath through my nose took in some not-unpleasant loamy scents, reminding me of gardens past. As I exhaled, my breath condensed into a tiny cloud that dispersed as soon as it met the hole. And that was it. There was otherwise no telling what was down there, what it was doing, how it got there, and why it made such an awesome burrow.


This wonder-invoking burrow was one of many pockmarking a grassy field on St. Catherines Island on the Georgia coast. This was the same island I visit often for its alligator dens, but on this cool January morning I was there with colleagues from Georgia Southern University—Robert K. Vance and Sheldon Skaggs—to study these other burrows. As I stood up and looked around us, I saw that their ecological setting clearly differed from that of the wetlands or maritime forests hosting alligator dens. For one, nearly all of the burrows were adjacent to creamy-white sand piles and separated by low-lying patches of vegetation. The main ground cover in this field was composed of wiregrasses, such as pineland threeawn (Aristida stricta), ably fulfilling their nicknames as thin, tall grasses that projected up like bundles of wires. Sharing this field with the wiregrasses were longleaf pines (Pinus palustris), which ranged from seedlings to three-story-tall trees. Longleaf pines are likewise aptly named, with 30–40-centimeter (12–16-inch) long, yellow-green needles bursting from their branches, a trait especially apparent in immature trees. If any trees could be described as cute, these would qualify, as trees not much taller than me had rail-thin trunks leading up to a bottlebrush-like crown of lengthy needles that spilled up, out, and down. A bunch of these trees standing together in this field looked like several 1980s rock bands on a reunion tour.


Longleaf pines and wiregrasses are essential parts of an endangered ecosystem in the southeastern U.S., the longleaf-pine forest. This mix of pine forest and grassland savanna used to be the most common environment in this part of North America, stretching more than 3,200 kilometers (1,988 miles) along a broad swath of coastal plain from what is now east Texas to Virginia, dominating most of Georgia and Florida. The pines, wiregrasses, and their associated plants grew quite well in well drained, sandy coastal-plain soils. Such soils marked where barrier islands and other coastal environments had deposited sand during higher sea levels of the past 60 million years.


Longleaf pines can live hundreds of years, which is a good thing for their communities, as old pines are necessary to get young pines started. They outcompete other tree species through a simple strategy: producing lots of seeds in their pinecones and living through forest fires. To do the latter, longleaf pines are fire-resistant, a superb advantage whenever a lightning-sparked conflagration sweeps through their habitat. Such fires clear out pine needles, which makes way for pine seeds to establish themselves in the soils. The temporary elimination of ground-cover plants also eliminates competition, as these taller plants would have prevented seedlings from getting sunlight. Burnt plants also return nutrients to the soil, further helping seedlings to grow. This blend of factors thus gives pine seedlings the means to settle and grow up into adorable “bottlebrushes.” Later, as they turn into mature pine trees, they contribute pine needles as the main fuel load for fires, ensuring future generations of seedlings.


What caused fires that were frequent enough to ultimately select for flame-enabling trees and other plants? Let’s just say if you have ever yearned to be struck by lightning, then you should move to the southeastern United States. Through a unique set of climatic circumstances encouraged by a location between the Gulf of Mexico and the Atlantic Ocean, lightning strikes are more common in southeastern states than anywhere else in North America. Florida alone has an estimated 1.5 million electrified hits annually, rivaling hurricanes and tornadoes for sheer havoc wreaked. Multiplying millions of lightning-caused fires each year by a few millions of years, the ancestors of modern longleaf pines and other plants either would have gone extinct or adapted to these frequent and rapid ecological disasters. Fire-wielding Native Americans also likely shaped longleaf-pine ecosystems over the past 12,000 years, their effects having magnified an already present threat of fire. This human factor hence further nudged the evolution of the ecological community in a direction favoring fire-surviving plants and animals, a subtle trace of a former Native American presence. Sadly, the arrival of Europeans in the sixteenth century, soon followed by intensive deforestation and agriculture, shrank longleaf-pine habitats to less than 1% of their original realm, leaving only small patches in the southeast. For instance, the tiny parcel I was experiencing on St. Catherines Island was a restoration experiment, placed on a former grazing field and sited on a sparsely populated barrier island to safeguard its success.


Although already full of surprises, another unexpected facet of this ostensibly mundane ecosystem is its biodiversity. In my experience, whenever I do a word-association game with my university students in Georgia and say “biodiversity,” they respond with “Amazon rain forest!”, “Great Barrier Reef!”, “African savanna!”, or similar faraway exotic places. Such knee-jerk responses—honed ably by many years of gee-whiz conservation-minded documentaries filled with charismatic megafauna—are not necessarily wrong. Nevertheless, they do expose ignorance of what is much closer to home. For example, in one of the few remaining old-growth longleaf-pine forests in southwest Georgia, more than 1,000 species of plants contribute to its ground cover: This matches the plant biodiversity of some tropical rain forests. Also, because most of these are flowering plants, many of them have pollinators. This translates into thousands more insect species that use these plants for pollen, as well as for other forms of food or living spaces. In turn, many of these insects have predators, such as other insects, spiders, amphibians, birds, and mammals. This food web spreads further into more vertebrates, such as lizards, snakes, and other reptiles, contributing to an astonishingly long list of species all inhabiting a “mere” pine forest, a mosaic composed of a myriad of interlocking and interdependent tiles.


In fact, one reptile had made the marvelous burrow in front of me, and others of its species had excavated nearly all other such burrows punching through the ground of that longleaf-pine ecosystem on St. Catherines. It could be credited to the handiwork of one of the most industrious reptiles in the world, the gopher tortoise (Gopherus polyphemus). This special reptile was key to encouraging an even greater biodiversity, but one hidden in an ecological dimension that is often neglected by our surface-biased senses.


Gopher Tortoises for the Underground Win


Gopher tortoises are so remarkable that I and other people who study them cannot stop talking about them. As a testimony to my awe for these animals, I once began a presentation about them at a professional meeting with a photograph of a gopher tortoise, and using my best “Randall” voice (narrator of the hilarious 2011 “honey badger” parody video), said, “This. Is the gopher tortoise. Look at him. He’s pretty badass.” Which he was, as is every other gopher tortoise, because few animals can match them for sheer burrowing prowess while also imparting such a significant effect on their ecosystems. In fact, ecologists quite properly refer to these tortoises as ecosystem engineers, placing them in the same elite category as beavers for their ability to shape a habitat and affect so many other species.


Nonetheless, many people who see a gopher tortoise for the first time are not so impressed. Most adult tortoises are the width of a Frisbee, at about 25–35 centimeters (10–14 inches) long and slightly less wide. Like many tortoises, their shells are dull brown-gray on top, but have a daring splash of yellow on their bottom part, also known as a plastron. Interlocking bony plates compose their shells, and overlapping scales and smaller bony parts (scutes) cover their legs and heads. They are quiet animals, at best only emitting a hiss when disturbed, and their eyes and facial expressions reveal only a limited range of emotions. If seen moving about in an open field, they are dreadfully slow, walking only about twice as fast as a texting teenager, but can move surprisingly fast once they sense danger. In short, “badass” might not the first description that comes to mind when you see a gopher tortoise.


Yet when it comes to gopher tortoises, appearances can be deceiving. Take a closer look at a gopher tortoise’s front feet and there is the first clue of what makes them such extraordinary animals. Along the outer edges of their thick, meaty front feet are hard ridges, accompanied by flat soles and robust claws that look much like the “teeth” on the business end of a backhoe. These feet connect to powerful arm muscles that provide more than enough strength and stamina to tear through the earth however much is needed. They burrow using alternating strokes of these front feet, ripping into the soil maybe a half dozen times with the left, a half dozen times with the right, and so on. Their hind feet resemble miniature versions of elephant feet, with rounded pads attached to stout, pillar-like legs; they too have claws, albeit not as prominent as the ones on the front feet. These feet mostly stabilize a tortoise as it digs, but also help with kicking back any sediment loosened by the front feet.


As these tortoises burrow deeper and move back and forth in tunnels of their own making, their hard shells act as soil compactors, pushing against formerly loose sand and firming the walls around their burrows. The half-moon profile of the entrance I noticed in every tortoise burrow is more or less an outline of the tortoise’s body length and height. The tortoise makes the burrow just big enough to allow it room to move up and down the tunnel, but also so it can turn around while still inside. Sand pushed behind their burrows accumulates as overlapping sheets outside the entrance, forming a sand apron in front of the tunnel.


And down this tunnel goes. Although most burrows are “only” 5–10 meters (~16–33 feet) long, some are 14 meters (46 feet) long. These burrows also can have vertical depths of 6 meters (~20 feet), but normally are 2–3 meters (6.6–10 feet) deep. Just to put their burrows in perspective when compared to the body dimensions of a typical tortoise, this would be like me digging a 35–70 meter (115–230 foot) long tunnel, but with only trowels. On the way down with their digging, tortoises take a gradual right or left turn, adding a twist to their tunnels that might form a half spiral. They finish off their subterranean masterworks with an enlarged chamber, which serves as the main living space for the tortoise. In general, the sandier the soil, the deeper the chamber, and although we would quickly suffocate in such enclosed chambers, tortoises handle them just fine, as they are adapted for low-oxygen conditions. In contrast, more clay in an otherwise sandy soil tends to retain carbon dioxide in a burrow, which ultimately is bad for a tortoise. Accordingly, their burrows are shallower in clay-rich soils, which gives them a better chance to easily reach the surface and put more oxygen in their blood. Given a choice, then, gopher tortoises benefit more from burrowing into sand rather than clay.


It thus makes sense that if you were trying to spot gopher tortoise burrows, whether on the ground or flying overhead, you would look for sand. Because their burrows are so deep, these tortoises must eject large volumes of sandy soil, which then composes the sand aprons. These are 1–2 meters (3.3–6.6 feet) wide, 20–30 centimeters (8–12 inches) tall, and are normally composed of bare sand, as the continued digging and other movements of an active tortoise prevent plants from putting down any roots. This is one of the ways I could tell right away whether a burrow is occupied by a tortoise: Few plants, freshly ejected sand, and crisply defined turtle tracks all say, “I’m home.” In contrast, healthy plant growth and no tracks in a former apron signal an abandoned burrow. A lack of vegetation also makes it easy to spot active tortoise burrows from above, as the sand aprons show up as bright white spots in fields of green. This means active burrows can be mapped using aerial drones that fly above them and snap photos, and they even can be spotted on satellite images by using Google Earth. Yes, that’s right: Gopher tortoise traces can be seen from space, which, you have to admit, is pretty badass.


Each tortoise burrow only has one entrance, which also serves as its exit. As a result, actively occupied burrows often hold evidence of where they walked and dragged their shells while coming and going. Sometimes I have spotted them briefly just outside their burrows on the sand apron, or poking out of the burrow entrance, warming themselves with a little morning sunshine. If they spot me, though, they nimbly turn around and vanish, leaving behind an outline of their shells and tracks on the sand. Yet tortoises do not emerge just for thermal therapy, but also to eat and mate (and not necessarily in that order). Tortoises are herbivores that take advantage of the wide variety of plants in their habitats, through which they will range far and wide to find their favorites, such as prickly-pear cactus. Hence aerial photos with obvious sand aprons of active burrows also reveal subtle trail networks woven among them, linear paths worn down by frequent forays outside of their havens.


Burrows and trails also give hints of other tortoise activities. For instance, tortoises do not dig just one burrow and stop with that as their dream home. Instead, similar to some baby boomers, they can own so many residences that they lose count of them. Interestingly, male tortoises make as many as fifty burrows, which is two to three times as many as made by females. Tortoises might also move from burrow to burrow, chowing down on plants during their commutes. This burrow productivity means that estimating tortoise populations is never as simple as counting burrows with sand aprons, which would grossly overestimate the number of tortoises in a given area. Usurping and swapping are also common practices, a sort of burrow promiscuity that impels gopher tortoise researchers to tag individual animals to see where they go and how often they change addresses.


It is then suitably easy to imagine how trails between burrows might also be traces of tortoise-boy-meets-tortoise-girl stories. Such tales begin with a male tortoise leaving one of his many burrows in search of love, or at least a female tortoise that will not reject him that given day. Similar to males in other animal mating systems, a male tortoise may have to travel quite far and quite likely is spurned by many possible mates encountered along the way, for what may be perfectly reasonable female tortoise reasons. If a mature and consenting pair of tortoises meets—usually just outside her burrow—the male then commences a courtship display, unleashing a series of alluring head-bobbing moves. If this successfully woos a female, she will come out of her burrow and indicate her interest by bobbing her head, too. That is all he needs to know, so he then bites one of her front legs: In gopher tortoise language, this translates as, “Turn around, baby.” The pair then does what nature intended.


However, unlike most birds or many mammals, mated tortoises have little to do with each other once the deed is done, duties are fulfilled, genes are delivered and mixed, the tortoise has come into the station and left, and, well, you get the point. This aloofness also means they do not later relax together in each other’s burrows, illuminated by the afterglow, nor do they shack up as a tortoise couple living in blissful harmony. Instead, they go back to their separate burrows. Later, when the time is right for laying eggs, the gravid female tortoise takes advantage of the all-natural incubator sitting just outside her burrow, the sand apron. For her nest, she digs into the thickest part of the apron, lays a clutch of 2–10 eggs, and buries them. Until recently, researchers thought gopher tortoise mothers did not watch out for their eggs, nor even stay in the same burrow next to them. However, secret video footage recently taken of a mother tortoise showed it aggressively defending both its nest and burrow from a rapacious armadillo. Once laid and buried, eggs take about 90–100 days to hatch. Overall temperatures of the sand apron during that time control the sex ratio of the clutch, with warmer temperatures resulting in more girl hatchlings and cooler temperatures producing more boys.


As soon as hatchlings break out of their eggshells, they claw through the overhead sand, pop out of the sand apron, and, just like 1950s U.S. schoolchildren faced with nuclear peril, they duck and cover. They do this by scurrying straight to the nearby adult burrow entrance and going inside, where they can quickly conceal their still-soft shells from snakes, raccoons, hawks, foxes, or other predators who might enjoy some fresh baby tortoise treats. Newborn tortoises are also literally born to burrow, and within mere days of hatching, they may add their own smaller tunnels branching off the main burrow walls or make their own new burrows outside. Most additions to their mother’s burrow are concentrated toward the top, making what was originally a relatively simple structure into a more complex one. Once these hatchlings get big enough, they strike out to make homes of their own elsewhere.


When this brief period of vulnerability passes and gopher tortoises grow up into adults with hardened shells, they are difficult to kill. For instance, any animal that wants to eat a gopher tortoise usually ends up hungry, as its intended dinner clams up, retracting all of its tasty bits inside its personal body armor. Indeed, gopher tortoises are great survivors, with some living for more than 80 years. Such longevity implies that if a baby tortoise makes it to an elderly status, it may have dug tens of thousands of burrows during its lifetime. If you take that number and multiply it by, say, a hundred gopher tortoises in the same longleaf pine forest, then this collective effort will have resulted in more than a million burrows. Granted, some of their older burrows may have collapsed, or been filled by sand washed in by thunderstorms, or erased by burrows of newer generations of tortoises, as well as the burrowing actions of other animals, from earthworms to armadillos. Yet the overall cumulative effect of these burrowing tortoises will have been to completely overturn, alter, aerate, and ultimately enrich the soils of that ecosystem. This cumulative activity in turn encourages the high diversity of the local plant community. In short, without these tortoises, the pines and other vegetation in their habitat would not be nearly as plentiful or as varied.


Other than predation of young tortoises or humans messing with them, what threats do they face in their natural habitat? Very few. As mentioned previously, predators are almost powerless against an exposed tortoise. Even if a predator decided to excavate a tortoise, it might expend more calories digging than it would gain from eating a tortoise. Just like Coober Pedy or Montreal, tortoise burrows also moderate potential problems with daily or seasonal variations in temperatures, maintaining even temperatures year round. Likewise, humidity levels stay at comfortable levels. That leaves natural disasters as the only major problems that tortoises might face in a longleaf pine forest.


Quiz time: What natural disasters would be most likely in a longleaf pine forest? If you said “Fires, and lots of them,” you get an “A” for paying attention earlier. Yet in the event of a fire, a gopher tortoise would not simply pull in its legs and head and wait until the conflagration passed through its neighborhood. If so, it would then become a surprise item on a Southern barbeque, followed quickly by an argument over which sauce would go best with it. This is again an instance of where burrows aid in tortoise survival, fire after fire. With the first flickering flames, a gopher tortoise will retreat to a nearby appropriately sized burrow, go meters below the surface, and simply wait until the inferno has subsided.


This extremely successful survival strategy of gopher tortoises also points to yet another reason why gopher tortoise burrows are so splendid and why I have paid attention to them both as an ichnologist and paleontologist. These lengthy holes in the ground are not just self-serving, ensuring that tortoises will eat, head-bob, and leg-bite their way into making future generations, but also enable tortoises to be accidental altruists for other animals. These burrows can even direct the evolution of multiple animal lineages, resulting in amazing adaptations to these underground environments. In other words, tortoise burrows do not just save them, but they also aid in the continued existence of a menagerie whose lives would surely end if not for the fortuitous placement and abundance of these subsurface shelters.


The Underground Zoo


Based on a description that only focuses on the wonder-inducing burrows of gopher tortoises, you may have calculated that their apparent animal biodiversity consists just of a gopher tortoise and perhaps (temporarily) its offspring. This would be very much wrong. Gopher tortoise burrows, already worth our admiration for their sheer depth and length, also deserve notice for how they expand the biodiversity of a longleaf pine forest or savanna into a dimension often unnoticed or neglected by mere surface-dwellers: underground.


Because of the voluminous amount of space afforded by their burrows, tortoises can host many roommates, and of a wide variety, consisting of nearly 400 species. Yes, that number is 400, not 40, and it justifies why biologists who survey gopher tortoise burrows are always surprised by what they find in them. This subsurface biodiversity is further magnified by the great number of tortoise burrows, most of which are temporarily unoccupied or abandoned; such burrows then act like empty houses in a neglected neighborhood. Regardless of whether or not the tortoises are home, their burrows still provide many perfectly suitable shelters for other animals, just so long as their entrances remain open. Some of these burrow residents (also called commensals) are permanent, and would have a very tough time indeed if gopher tortoises were not around. Such animals are obligate commensals in that they live their entire lives in the burrow, never leaving it. In contrast, residents that can check in or out anytime, getting anything they want, are facultative commensals.


Of the tortoise-burrow roommates documented thus far, more than 300 are invertebrates (mostly insects) and about 60 are vertebrates. For the vertebrates, more than half are other reptiles (lizards and snakes), whereas amphibians and mammals make up the rest. But perhaps the most famous co-occupants of tortoise burrows are snakes, the most charismatic of which are eastern indigo snakes (Drymarchon couperi) and eastern diamondback rattlesnakes (Crotalus adamanteus).


The eastern indigo snake is the longest snake native to North America, reaching more than 2.5 meters (8.2 feet), and if you are ever lucky enough to spot one, it is usually on its way to or from a tortoise burrow. This snake is not only lengthy but is also adorned with iridescent blue-black scales. These nonvenomous snakes, which prey on a wide variety of vertebrates (frogs, toads, lizards, birds, rodents, and even other snakes), depend so heavily on gopher tortoise burrows that their health and abundance are directly linked to the number of tortoises in a given area. Tortoise burrows do this by providing indigo snakes with even temperatures all year, keeping them safe from predators, and protecting them against the frequent and intense fires of longleaf pine forests. These snakes also nest in burrows, which conceal both eggs and baby snakes from anything that might eat them.


These same factors apply to rattlesnakes, which often curl up in gopher tortoise burrows to escape seasonal extremes in temperature or natural disasters. Perhaps unexpectedly, indigo snakes and rattlesnakes might live together in a tortoise burrow, but they normally leave each other alone. This is not surprising, though, as indigo snakes include other snakes on their menu and are immune to rattlesnake venom, which creates a sort of détente between these two serpents. As far as we know, both snakes are also innocuous housemates if an adult gopher tortoise is living in a burrow with them, although either probably would not hesitate to eat hatchling tortoises. However, such instances of tenants eating their landlord’s children are probably rare.


As mentioned earlier, other vertebrates that live in tortoise burrows are frogs, toads, and mammals; some of these animals live in the burrows year round, whereas others only pop in for an occasional visit. Among the permanent occupants are gopher frogs (Rana capito). Gopher frogs are small (2.5–4 centimeters/1–1.5 inches long) but big-headed, and have blotchy brown-gray and warty skin over most of their upper bodies. These frogs depend on tortoise burrows for most of their lives, only leaving burrows occasionally to get food or travel overland to seasonal shallow pools of water to mate and lay eggs. As soon as tadpoles sprout legs and are able to hop on land, they point their weighty heads toward the nearest burrows. This reliance on tortoise burrows is again because of the steady safety they offer these tiny frogs: even temperatures and humidity year round, as well as protection against predators and fires. Humidity control is especially important for frogs, as their skin would dry out too quickly if regularly exposed to arid conditions. Hence tortoise burrows also help adult frogs and other amphibians survive droughts.


Of the roommate animals discussed so far, none of them changes a tortoise burrow; they just live there. Not so for the Florida mouse (Peromyscus floridanus), which is cheeky enough make its own additions to tortoise burrows. This burrowing mouse digs out horizontal, mouse-wide looping tunnels off the upper 2 meters (6.6 feet) of the main tortoise burrow. It then adds curving vertical shafts that connect to the surface, giving mice easy entrances and escape routes from their snaky, rodent-eating neighbors. These shafts also give mice the means to still access an abandoned tortoise burrow after its entrance had collapsed, like having secret entries to a vacant warehouse. Mice also may save themselves some digging by following premade tunnels of hatchling tortoises, which they then modify for their own needs, such as for nesting chambers that they use to raise their young. So when you look at a gopher tortoise burrow, think of it having mouse nurseries and day care centers in it, too. Also, just like many other animals living in tortoise burrows, mice use these places as refuges from heat, low or high humidity, predators, and fire.


Unlike the preceding semipermanent residents, most vertebrates use tortoise burrows like a roadside motel, dropping in just for a day or two to rest. For animals that need to overwinter, they may just stay seasonally. However, these burrows become highest in demand whenever a fire starts in a wiregrass savanna or longleaf pine forest. Suddenly, tortoise burrows are the places to be, and anyone who can fit down these holes will seek sanctuary in one. Fires can thus cause unusual mixtures of animals in a burrow, such as snakes, lizards, rabbits, foxes, armadillos, skunks, opossums, and chipmunks. Such disaster-induced groupings must get socially awkward whenever they result in predator-prey pairs getting together. Nonetheless, the odds are slightly better for prey animals that shack up with their predators, rather than getting cooked in the blaze outside a burrow. Also, some tortoise burrows are large enough that rabbits and foxes may not run into each other.


Other burrow inhabitants include nine-banded armadillos (Dasypus novemcinctus), which take over abandoned gopher tortoise burrows and modify them according to their needs. Like tortoises, armadillos carry personal body armor as overlapping plates of bony skin, but differ by having rounder profiles. As a result, I can always tell an armadillo-altered burrow from an unaltered one made by a gopher tortoise by the elliptical cross-section of the former and the half-moon shape of the latter.


As mentioned earlier, most invertebrates living in a gopher tortoise burrow are insects, although a good number of worms, spiders, ticks, and other non-insect animals might call them home, too. What is unexpected about these insects, though, is the number of them that evolved exclusively to fit the microenvironment of a gopher tortoise burrow. For instance, burrows host a number of dung beetle species that are well suited for using tortoise dung, such as the little gopher tortoise scarab beetle (Alloblackburneus troglodytes), the gopher tortoise copris beetle (Copris gopheris), the punctuate beetle (Onthophagus polyphemi polyphemi), and smooth gopher tortoise beetle (Onthophagus polyphemi sparsisetosus). This little beetle-run sanitation service neatly solves the problem of a tortoise having to go all of the way up the burrow to use an outdoor latrine, while also keeping its burrow relatively tidy. Such tidiness is important not for aesthetic reasons, but for health, as less dung also means fewer flies in the burrow, as well as fewer intestinal parasites lurking in the dung. Of course, dung beetles are always happiest when they get to feed crap to their kids, too. (Confession time: I love dung beetles.) Dung is used as provisions in brooding chambers, where mother beetles lay their eggs; these eggs hatch into hungry grubs yearning for some excremental goodness. These species of dung beetles are so specialized that they are only found in tortoise burrows, suggesting that they may have evolved in harmony with tortoises as mutualistic partners, united by poop and burrows.


While these beetles serve as a tortoise’s cleanup crew in their burrows, other beetles act as exterminators. These insects are the gopher tortoise hister beetle (Chelyoxenus xerobatis) and equal-clawed gopher tortoise hister beetle (Geomysaprinus floridae), as well as the gopher tortoise rove beetle (Philonthus gopheri) and western gopher tortoise rove beetle (Philonthus testudo). All of these beetles are predators, seeking out and eating eggs, larvae, pupae, and adults of insects or other arthropods living in a tortoise burrow. These beetles thus act like pest control, decreasing the number of flies, lice, ticks, and other arthropods that might spread disease or otherwise adversely affect the health of a tortoise. Again, these beetles live exclusively in tortoise burrows and apparently evolved in these subsurface environments with their vertebrate hosts.


Not all flies in a tortoise burrow are annoying vermin that must be destroyed, though. Some flies also help with dung removal, whereas others rid a burrow of unwanted insect guests. For waste control, the gopher tortoise burrow fly (Eutrichota gopheri) also partakes in tortoise dung, using their droppings as a food source for its larvae. Other flies are insect predators, lending air support to their ground-dwelling compatriot beetles. One of these is the gopher tortoise robber fly (Machimus polyphemi). To get a clue what robber flies do, they are also called assassin flies. To justify such a frightful nickname, these flies forcefully seek out and attack their prey—often other flies—by grasping them, piercing them with a needle-like proboscis, and injecting a cocktail of neurotoxin and enzymes that both paralyzes and predigests their wretchedly hapless victims. In short, gopher tortoise robber flies are handy insect allies for decreasing the number of “bad insects” in a tortoise burrow. Interestingly, gopher frogs likely include dung flies on their menu, pointing toward yet another strand in this complex underground food web.


Still not impressed with how gopher tortoise burrows have nudged branches on the evolutionary tree of insects to point in certain directions? Well then, how about moths that only live in tortoise burrows, some of which only eat dead tortoise skin? Moths, often regarded as the dark-adapted versions of their more colorful butterfly cousins, actually have adapted to a wider range of ecological niches than butterflies, among which are those in gopher tortoise burrows. For instance, the tiny gopher tortoise acrolophus moth (Acrolophus pholeter) is well suited to these burrows, living in perpetual darkness and joining other insects in its consumption of tortoise wastes. The gopher tortoise noctuid moth (Idia gopheri) performs a similar function as a “litter eater,” eating organic detritus that otherwise would accumulate in this enclosed environment. These moths are then aided by what is arguably the most specialized of all insects in a tortoise burrow, the tortoiseshell moth (Ceratophaga vicinella).


The tortoiseshell moth deserves our special attention because it is the only insect in North America known to eat keratin, and only keratin. Keratin is a structural protein essential to the outermost layer of our skin, as well as skins of other mammals, birds, reptiles, and amphibians. More specifically, it provides necessary support for fingernails and toenails in humans as flexible but still strong non-mineralized (“non-bony”) tissues. In gopher tortoises and their turtle relatives, keratin forms an extra-tough layer on top of their bony plates, giving them additional protection, like wearing a leather jacket over a bulletproof vest. As anyone who has had a roommate annoyingly clip fingernails and toenails and leave clippings on the floor can attest, keratin can last a long time. Hence an insect in your home that would dispose of all fingernail and toenail clippings would be quite handy. For a tortoise, though, the tortoiseshell moth performs its most valuable ecological function when that tortoise dies.


Once a tortoise expires and goes to that Great Wiregrass Pasture in the Sky, whether it is in a burrow or not, the keratin on its shell becomes moth larvae chow. In the typical life cycle of a tortoiseshell moth, it lays its eggs on the tortoise shell, which may be literally belly-up. The larvae that hatch from those eggs then dig a silk-lined burrow 3–10 centimeters (about 1–4 inches) down into the ground below the shell. These burrows not only give the larvae immediate access to their food source, but also protect them from predatory insects while they are still in their larval state and during pupation. Adult moths that emerge from the burrows accordingly seek out more tortoise keratin, which is essential for the perpetuation of their species. These scavengers then help to break down the shell and cycle a former tortoise’s molecules back into the ecosystem of its former burrow.


The burrows added by tortoiseshell moths onto the larger burrow of a gopher tortoise also point to how burrowing insects add even more ichnological complexity to the overall form of any given gopher tortoise burrow. Insects in the much larger burrow of a tortoise may also be digging into its walls, drilling narrower tunnels and shafts, like short rootlets branching off the taproot of a tree. For example, camel crickets (Ceuthophilus latibuli) do not necessarily have to live in tortoise burrows, but they often do, and when there they excavate tunnels into the walls. Many beetles, including dung beetles, also burrow as part of their life cycles. Now imagine these smaller burrows being added onto those of juvenile gopher tortoises, as well as those of Florida mice, and this seemingly simple “big hole” becomes much more complex, holding thousands of nooks and crannies.


Such burrow complexity was verified partially by the research I was doing with the scientists from Georgia Southern University on St. Catherines Island. For this work, we recorded surface features of the burrows, such as widths and heights of the entrances. Along with this, though, we did something different by applying advanced technology, namely a ground-penetrating underground radar (GPR) unit. This device—also used by scientists who discovered the World War II escape tunnel in Vilnius, Lithuania—did the neat trick of creating digital representations of the tortoise burrows and the burrows of their roommates. This not only avoided disturbing the burrows and their occupants, but also saved us researchers from having to use shovels to expose (and hence destroy) the burrows.


A GPR unit looks much like a lawnmower, with an upright handlebar on one end, which is connected to a boxy part with four wheels. The difference between it and a lawnmower, though, is the small computer console on the handlebar used to program, display, and store data collected by the boxy part. This portion of the GPR device sends microwaves into the ground, which, fortunately, are too weak to cook gopher tortoises or any other animals that might be in the burrow. The microwaves, acting like underground sonar, reflect off and refract in substances with different densities, such as air (in a burrow) and soil (around the burrow). The data collected by the GPR unit are then downloaded into a computer, which converts the microwave data into a series of colorful two-dimensional maps, nicknamed “slices,” like horizontal slices of a layer cake. Even better, a computer can then take this series of slice-maps and render them into a three-dimensional rotating image. This was what my Georgia Southern University colleagues were trying to do, and herpetologist Veronica Greco ably steered us to all of the good places to find tortoise burrows.


It worked beautifully. We used the GPR unit on a large, deep, and magnificently expressed burrow made by an adult tortoise, which I described earlier. We then later tried it out on a field where a bunch of younger, juvenile tortoises had dug their smaller, shallower, and more closely spaced burrows. Based on presence or absence of fresh sand aprons and tracks, we could tell that some of these burrows were active, whereas others were unoccupied. First, we walked the GPR unit over a carefully measured area to get maximum coverage of the large adult burrow below the surface. Later, Sheldon Skaggs downloaded the data, put it into a computer program, and made a rotating 3-D image of the burrow. Just as we expected, the single tortoise burrow went down at a steep angle, but twisted to the right, or clockwise if viewed from above. This main burrow also had a smaller, looping horizontal tunnel branching off the main shaft near the top of the burrow. We surmised that this was either the burrow of a Florida mouse, a juvenile tortoise, or a combination of the two. Upon seeing such results, we triumphantly declared “Science!”


However, when we did the same procedure with the juvenile tortoise field, its results surprised us, causing us instead to say, “Science?” The juveniles, because they did not travel far from their mother’s home burrow, had dug their burrow entrances fairly close to one another, but definitely separate: Think of university faculty not wanting to have their offices directly adjacent to one another. This separateness did not continue below the surface, though, as the inclined burrow shafts intersected one another. Consequently, the 3-D image of these burrows showed a jungle-gym network of open burrows, whether occupied and unoccupied, crisscrossing and otherwise making a complicated structure. Had I seen such a burrow complex preserved in the fossil record, I would have immediately interpreted it as one made by mammals, not reptiles, let alone tortoises, and juvenile tortoises at that. Lesson learned. All in all, though, we were fairly happy with our results and confident that these would be helpful both to conservation biologists—who would be thrilled to have a new way to study tortoise burrows without bothering their owners—and to paleontologists, who might find similar structures in the fossil record.


However, as is typical in ichnology, other scientists studying gopher tortoise burrows soon bettered our “cutting-edge” and “state-of-the-art” research. We started our field work on St. Catherines Island in January 2011, and I presented our preliminary outcomes to my geologically inclined peers at the annual Geological Society of America meeting. I proudly projected the 3-D rotating models of the tortoise burrows and discussed the composite nature of the burrows-within-burrows, and was encouraged by audience “oohs” and “ahhs.” More nonverbal approval was indicated by nodding heads, which I was mostly sure were not from napping, but affirming. Along with this professional exposure of our research, I published a blog post about it on my Web site, albeit without the GPR profiles, as we were saving that for a peer-reviewed paper.


Then, life interfered with our finishing that article in a timely way. Meanwhile, two other scientists, unaware of the work we had done, coauthored a superb article on—you guessed it—the use of GPR for subsurface imaging of gopher tortoise burrows. The article, published by Al Kinlaw and Mark Grasmueck in 2012 in the journal Geomorphology, was a well written and richly illustrated study of gopher tortoise burrows using this same newfangled technological tool we used. Unlike our study, though, it was performed on tortoise burrows far south of our field site, in north-central Florida.


Although some scientists at this point might have become exasperated, perhaps even shook fists at the sky and shouted “Curses, foiled again!”, we were actually elated and somewhat relieved. For one, because a herpetologist and a geologist had done this study together, they demonstrated the sort of cooperative work we felt needed to be done to properly study these burrows. (Most of us working on the St. Catherines Island project were trained as geologists, only wishing we were as cool as herpetologists.) For another, these scientists took a lot of pressure off us. Now we did not have to explain why this new technique worked to skeptical peer reviewers, but instead could just cite this new article and say, “Hey, they did it, it worked for them, and it worked for us, too.” Lastly and perhaps most importantly, we were now free to focus our study more from ichnological and geological perspectives, rather than a conservation biology angle, which was the focus of the 2012 study. In short, we could ask, “What would these burrows look like if preserved as trace fossils?” and suggest that these beautiful 3-D rotating models of tortoise burrows would give geologists and paleontologists the right search images for recognizing burrows made by these tortoises’ ancestors, thus giving us better insights on how these animals evolved, survived, and even thrived throughout the geological past. Accordingly, we started rewriting our article, which we hope to have published by the time you read this sentence.


What did Kinlaw and Grasmueck find? Their results were impressive, with their main conclusions stated in the title of their article: “Evidence for and Geomorphologic Consequences of a Reptilian Ecosystem Engineer: The Burrowing Cascade Initiated by the Gopher Tortoise.” This was a significant article for all interested in gopher tortoises, but also had broader implications related to the potential kaleidoscope of diversity in each tortoise burrow. First of all, the article was important because it had lots of pictures depicting the previously secret underground architecture of gopher tortoise burrows. The old adage of pictures expressing meaning more efficiently than words was certainly true here, as the images Kinlaw and Grasmueck produced from the technological pairing of GPR units and computers were stunning.
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