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In memory of Bill Brokaw, who taught me to love science and chase down my dreams.


To Pat Brokaw, for reminding me to stay curious and compassionate.


And to Mrs. Bat, the big brown bat(s) who started it all.
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Introduction


The sun has finally dipped below the horizon, and the sky has softened from golden yellow and red to a more muted blue and purple. As the birds settle down for the night, a new chorus of sounds begins, with the croaky bass of frogs and the zippy vibration of crickets and katydids filling the night air.


Ears twitching, you give a great big yawn and stretch, one limb at a time. In doing so, you bump into your neighbor, who shuffles away with an angry squeak. Many velvety bodies ripple around you, swaying slightly as they shift from one foot to the other. You can just make out a soft glow in the distance, stark against the dark cave walls.


Wings slightly open at your sides, you take one last pause before dropping straight down. You fall, but as your wings finish unfurling you are suddenly buoyed back up. Swooping those wings forward and up, you orient toward the faint soft glow of the cave entrance. A nearby bat swoops by, brushing by the edge of your wing tips, though not enough to bump you off course. The air is filling with a cacophony of sliding chirps and buzzes as colony mates swirl around you. Riding the cooler currents of the outside air, you woosh out of the cave entrance. Around and around you circle, spiraling up and out into the slowly darkening sky.


[image: Image]

Mexican free-tailed bats fill the evening sky in central Texas.







Welcome to the World of Bats


Bats have long captured the human imagination, woven into stories, mythology, and folklore in cultures across the world. Many stories paint bats as outsiders, due to their peculiar position as furred mammals with flight like birds. Their uncanny ability to navigate in the dark and preference for deep, dark places led to associations with the devil and witchcraft in western European cultures. This unfortunate alignment was further solidified into western popular culture by characters like William Shakespeare’s witches in Macbeth (“eye of newt, toe of frog, wool of bat, and tongue of dog”) and Bram Stoker’s Dracula.


As a bat biologist, I’m often asked “Why bats?” I grew up among the fields and woods of eastern Pennsylvania. In the summers, my family and I would often eat dinner outside on the deck, where the gravity-defying antics of the local big brown bats could be spotted above the grassy fields. “Here comes Mrs. Bat,” my dad would say, pointing out the dark silhouette of a bat as it twirled through the air above our heads. There is something truly mesmerizing about watching a bat in flight, an aerial ballet of movement that is so unlike any other flying animal.


As a high school student taking Advanced Placement biology, I was fortunate enough to be able to travel to St. John in the US Virgin Islands. One sunny morning, while exploring among the sugar plantation ruins along the Reef Bay Trail, I looked up to see several tiny bat faces clustered along the wooden beams of one of the stone buildings. Viewed through binoculars, this was my first time really seeing a bat, their expressive eyes, their fuzzy ears, and funny-shaped noses. Most significantly, these were not the small, black, scary creatures of legend. With over 1400 species currently described—and more counted every year—bats are the second most diverse group of mammals (rodents are first, with approximately 2500 species).


Diversity in bats is more than just the numbers, though. It’s where and how these animals live. Bats can be encountered almost everywhere on the planet, from the Arctic Circle tundra to some of the most remote tropical islands. I often joke that if you can think of something unusual that a mammal might do, there is probably a bat species somewhere in the world that does it. So far, I’ve been stumped twice: there are no egg-laying bats (egg-laying mammals are very rare and are on a different side of the mammalian tree of life) and no bats rely on scavenging dead animals for food. And while it is unlikely that we’ll ever discover an egg-laying bat, I wouldn’t be all that surprised if future research uncovered evidence of bats as scavengers.
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The author holds a spectral bat, the western hemisphere’s largest bat species.






Even with continual advances in bat monitoring technology and genomic methods of analyzing species, diets, microbiomes, and everything in between, there is still so much to learn from and about bats. And for scientists, that’s the best thing about bats. Just when we think we have them figured out, they go and surprise us. Since 2020, dozens of new bat species have been formally described. Some are cryptic species—species that can only be distinguished from each other by their genetic code or minute morphological differences like the overall shape of the skull or teeth. Others are completely new to science, like the Halloween-ready Nimba Mountain myotis. Captured in Guinea in 2019, this little orange-and-black bat was a complete surprise to the research team that made the discovery.


To enter the world of bats is like dropping into the multiverse. As an avid fantasy reader, I’ve dreamed of falling through a portal to another realm of magic and adventure. When I’m standing outside of a bat cave, feeling the swoosh of leathery wings against a darkening sky—those are the times where I start to feel like these other worlds just might exist. Where an echo is not just an echo, but a clue to the location of a tasty treat. Where the twitch of a finger can lead to amazing airborne acrobatics and the distant glow of the stars can guide you home.


By sharing the many fantastical ways that bats live and adapt to the world around them, I hope to bring these wonderful creatures out of the shadows and into the light. For as much as bats are unique, they are also like us in many ways. Bats argue with their roost mates and share with their friends. They push themselves long distances during migration to ensure enough resources for their growing young, and then eventually give those young the push they need to leave the roost and spread their wings.


And, importantly, the world needs bats. From insect control to pollination and seed dispersal, bats play critical roles in their ecosystems. They can help us better understand our own immune systems and might even hold the key to unlocking longevity. Come, step with me into the enigmatic world of bats.
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Nimba Mountain myotis, a colorful bat species only recently described by science.
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Chapter 1 Origins


Bats are mammals, so they share many important characteristics with humans. They give birth to live young, nourish the young via milk produced from mammary glands, have three little bones in the middle ear, and are furry and hairy.


Living bats are currently classified into twenty-one different families. Some bat families, like the Vespertilionidae (evening bats), are widely distributed across the globe. Others are found only in certain regions of the world. The New World leaf-nosed bats, a highly diverse group in the family Phyllostomidae, only inhabit the tropics and subtropics of North and South America. In contrast, flying foxes and other bats in the family Pteropodidae are found in many places except North and South America and most of Europe. Other families of bats are rarer still, living only in small pockets of the world. For example, the bumblebee bat, a tiny insect-eating bat with a wingspan reaching about 6 inches, has only been found in a few locations in Southeast Asia.
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The southern yellow bat has long been known as Lasiurus ega. Some scientists have proposed that yellow bats should instead be classified as Dasypterus ega, whereas others consider Dasypterus a subgenus of Lasiurus.
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While bats can be found almost everywhere on Earth, some types of bats only inhabit certain areas. The so-called Old World bats live in Africa, Europe, Asia, and Australia, and the New World bats inhabit North, Central, and South America. Hibernating bats are generally only found in temperate regions of the world, whereas fruit- and nectar-feeding bats are more limited to tropical and subtropical regions.


Within each taxonomic family, bats are classified further by genus and species. Together, these Latin binomials identify one specific type of animal; for example, scientists refer to the big brown bats of my youth as Eptesicus fuscus. Unfortunately, unlike in birds, common names for bats are not standardized, which can lead to similar and even overlapping common names depending on the region and local language. In addition to providing a unique name for each type of bat, binomials also reflect the evolutionary history of a bat and how it is related to other species. Bats that share the same genus (the first part of the scientific name) are assumed to be more closely related to each other than bats from different genera.


Researchers continue to uncover new information about these evolutionary relationships, however, which can trigger changes in the scientific name. And researchers don’t always agree on the details of those evolutionary relationships, which can make things even more confusing. For example, the tree bats of North America are currently classified together in the genus Lasiurus. But recent studies have suggested that these bats are not as closely related to each other as scientists first thought and should be separated into three distinct genera: Dasypterus (yellow bats), Aeorestes (hoary bats), and Lasiurus (red bats). Others have argued that these groupings don’t change the underlying evolutionary relationships and so instead consider those new names as subgenera. Depending on the author, it is possible to see the same bats classified slightly differently. For the most part, this scientific quibbling is insignificant and has little effect on what we know about the species themselves. If you want a basic list of current scientific names (or want to know the most up-to-date bat species count), check out the taxonomic and geographic database Bat Species of the World (BatNames.org). This database is managed by mammal curators and bat scientists from the American Museum of Natural History to keep track of confusing bat names and new species.
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A Cozumelan golden bat emerges from its roost. Its outstretched wings show the hand-like shape that gives all bats their scientific name, Chiroptera or “hand-wing.”







Phylogeny of Bats


While the standard language of how scientists classify animal species has stayed consistent, the last century has seen some changes in how we classify and talk about bats. Scientists visualize evolutionary relationships with a phylogeny (or tree of life). The lines of the phylogeny indicate how different species have evolved through time. The tips of a phylogeny indicate extant species (or genera or families), the living organisms we see today. As you follow the lines away from these tips, places where they meet another line indicate a most recent common ancestor. Because we can never truly know what happened millions of years ago, these phylogenies are hypotheses or best guesses of how certain species may have evolved. As such, they are altered as science advances and we develop new techniques for understanding how genes and morphology change through time. The evolutionary history of bats is no exception.


All bats belong to the order Chiroptera (which roughly translates to “hand-wing”). Within the order Chiroptera, bats were historically divided into two major groups (or clades): Megachiroptera and Microchiroptera. Megachiroptera (or the megabats) included the large flying foxes and related fruit- and nectar-feeding bats that cannot echolocate, and Microchiroptera (the microbats) basically encompassed everything else. These early classifications were based mainly on behavioral traits like the presence or absence of echolocation and anatomical traits like inner ear morphology, jaw, and ear shapes.


It is widely accepted that all bats are descended from a single common ancestor, a kind of protobat that was scampering in the trees some 50 to 60 million years ago. In the early 1900s, mammalogists hypothesized that the closest relatives of these protobats and living bats were flying lemurs, primates, and treeshrews. However, starting in the late 1980s, advances in molecular tools for studying genetic relationships between organisms raised questions about these closest ancestors and even how bats are related to each other. The earliest studies based on nuclear and mitochondrial DNA sequences of bats revealed that it was unlikely that bats were that closely related to flying lemurs, primates, or treeshrews, proving those early hypotheses entirely wrong. Large-scale studies of mammalian genomes have further supported these game-changing studies. Based on the most recent genome studies, Chiroptera is now grouped under the superorder Laurasiatheria, along with hooved mammals, carnivores, and pangolins. In short, this means that bats are now understood to be more closely related to animals like deer, whales, and dogs. They truly are sky puppies!


Another curious pattern emerged from these molecular studies. Some bats formerly considered to be microbats (specifically the horseshoe bats) are actually more closely related to members of the Megachiroptera than to Microchiroptera. For a while, these ideas were attributed to analytical artifacts due to limited sampling and methodologies. In 2002, Emma Teeling and a team from University College Dublin set out to address this question once and for all, using nuclear DNA sequences from eleven bat families. Not only did they find that horseshoe bats grouped more closely with megabats, but so did the false vampire bats (Megadermatidae) and mouse-tailed bats (Rhinopomatidae). Based on these results, Teeling and her colleagues suggested a new classification for bats, replacing Megachiroptera and Microchiroptera with the suborders Yinpterochiroptera and Yangochiroptera. Within Yinpterochiroptera are the nonecholocating flying foxes and Old World fruit bats, plus the echolocating horseshoe bats, false vampire bats, roundleaf bats, and mouse-tailed bats. The rest of the bats are classified as Yangochiroptera.
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Mouse-tailed bats (genus Rhinopoma) are more closely related to flying foxes than they are to most other echolocating bats. Formerly considered a microbat, they are now classified under the suborder Yinpterochiroptera.






[image: Image]

The current bat phylogeny. The points of connection represent where two evolutionary lines share a most recent common ancestor. Bats in the top seven families are believed to share a common ancestor and are grouped into the suborder Yinpterochiroptera. The rest of the bats are grouped as Yangochiroptera.






Studying Bats


Because bats fly and are nocturnal and generally small, most of us rarely encounter them in our daily lives. To study their lives and behaviors, scientists must seek out bats where they live. For many studies, this involves capturing and handling bats, using great care to minimize disturbance and harm to them. Mist nets are often used to capture bats as they are flying. As implied by the name, mist nets are soft, very fine pieces of netting that can be strung up over streams and ponds or along forest paths where bats might be flying. Bats are not able to easily detect the nets and therefore fly into them, where they hang until a scientist comes to gently untangle them. Near areas where many bats might be flying at once, such as outside a roost, scientists instead use a harp trap. This device has two or three rows of thin fishing line strung vertically, like a harp, and at the bottom of the lines is a soft bag. When bats hit the fishing line, they slide down into the bag, where they can comfortably hang in clusters and wait to be retrieved by the researchers.


[image: Image]

A silver-haired bat is caught in a mist net over a creek. While the netting looks obvious in this photo, it is difficult for bats to detect with echolocation and nearly impossible to see at night. Many a bat researcher (including the author) have accidentally walked into their own mist nets while working late at night!
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Flower bats wait to be retrieved from the soft canvas bag of a harp trap, set in front of a cave entrance in Jamaica.






After capture, researchers take careful measurements of the bats to help determine the species. Some species are easy to identify based on coloration or size, especially in areas with low bat diversity. Other species are more challenging, requiring measurements of features like ears, toes, or teeth, whereas some can only be reliably identified based on genetic samples. For research that requires tissue samples, such as population genetics or genomics to study the genetic source of bat adaptations, researchers take a small piece of wing tissue. This is done as quickly and carefully as possible to reduce discomfort to the bat and because the wing membrane heals quickly. During handling, other samples can be taken from bats, including fur clippings for isotope studies on diet and migration and blood samples for investigating immunity and disease.


Tracking individuals over time—whether to study how long bats might live or to figure out how they move around—requires some method of identifying individuals. One way is banding, where a small metal or plastic colored band is attached to the wrist of the bat, assigning each bat its own unique number. While still used in some studies, bands are only useful for identification if the researcher can get close enough to read the numbers. A newer method to mark individuals is using passive integrative transponder (PIT) tags. Like the microchips used in pet dogs and cats, these small devices are inserted under the skin, each with a unique identifying number. Captured bats can be scanned for their PIT tag number, but scanners can also be placed outside of roosts or areas where bats might fly through, allowing researchers to track bats remotely without having to capture the individuals again.


[image: Image]

This northern long-eared bat has a traditional metal band on its wrist.
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The author stands outside of a hibernacula cave entrance in northern Texas. The thick black cables hanging over the cave entrance are PIT tag readers. When a bat with a PIT tag flies close to those cables, its unique identifier will be automatically logged to a memory card, allowing researchers to track bat movements in and out of the cave.






To track the fine-scale movements of bats over landscapes such as home ranges or areas where bats are foraging, researchers also use radio telemetry and global positioning system (GPS) units. To be attached to bats, these devices must be very small—preferably less than 3 percent of the bat’s total weight. So, for a long time these units could only be used on the largest bats. Thankfully, advances in technology have not only made for smaller and smaller tags, but also tags that can track a bat’s heart rate, body temperature, echolocation calls, speed, altitude, and more.


When emerging technologies are paired with the collaboration and knowledge of local peoples as well as the creative and inquisitive minds of scientists, the possibilities for new studies and discoveries are endless. While there is so much left to learn, let’s take a peek into what’s been uncovered thus far!
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Chapter 2 Echo


Have you ever stood in an empty hallway and shouted, listening as the sound of your voice echoed around you? Even if you didn’t realize it at the time, you’d just done an excellent bat impression! Now imagine being able to use those echoes to tell how far away the end of the hallway is, if a door is open or closed, or even what the texture of the walls is. One of the many remarkable things about bats is that they have adapted to use sound waves to detect and orient to the world around them, a process called echolocation. Also referred to as biosonar, echolocation is when an animal produces sound and uses the resulting echoes to collect information about its surroundings. In simplest terms, the animal does this by comparing what is said (the sound they produce) and what they hear (the echo). Bats are not the only animals known to use echolocation—others include some swifts, oilbirds, shrews, and dolphins—but bats have developed an amazing diversity and repertoire for exactly how they use echolocation.


[image: Image]

Do you emit echolocation calls out of your nose or mouth? Some bats, like this northern yellow-shouldered bat, might be able to do both.







Spallanzani’s Bat Problem


Exactly how bats were able to navigate in the dark was a mystery for a long time. Lazzaro Spallanzani, an eighteenth-century Italian Catholic priest and naturalist, observed that, unlike nocturnal birds like owls, bats’ abilities to navigate were not affected by loss of light. This curious observation led Spallanzani to conduct a series of flight experiments in 1793 in which he blocked the various senses of bats. He covered their eyes with blindfolds and plugged their noses with cotton, testing the roles of vision, hearing, smell, and even taste in bat navigation. None of these senses seemed to significantly affect bat flight, leading Spallanzani to suspect some sixth sense may be found only in bats.


A few years later, Swiss physician and naturalist Louis Jurine repeated Spallanzani’s experiments, using long-eared bats and horseshoe bats. He also found that both species were able to navigate without trouble, even when blinded. Unlike Spallanzani, however, Jurine found that when bats’ sense of hearing was impaired (via methods including wax plugs, tinder plugs, and even piercing the eardrum), bat flight became erratic or the animals refused to fly. Jurine concluded that “the eyes of the bat are not indispensably necessary to it finding its way . . . [but] the organ of hearing appears to supply that of sight.”


[image: Image]

Italian biologist Lazzaro Spallanzani conducted some of the first documented experiments to investigate how bats get around in the dark.






These early scientists understood that hearing was important for bat flight, but exactly how sound was involved remained a mystery for more than a century—becoming known as Spallanzani’s bat problem. How could bats use sound when they flew so silently? In the early 1900s, researchers took a fresh approach to the problem, considering that bats might detect obstacles by producing sound and listening for the reflecting echoes. The most plausible way bats could do this would be with high-frequency or ultrasonic sounds. There was just one problem: by definition, ultrasonic sounds are above the upper limit of human hearing.


George Pierce was a physicist at Harvard University, where he developed a salt-crystal oscillator that could transform ultrasonic noises into sounds audible to the human ear—essentially creating the world’s first bat detector. A Harvard student at the time, Donald Griffin became interested in the theory that bats use high-frequency sounds to get around. In collaboration with Pierce and later Robert Galambos, Griffin listened in on caged and flying bats, confirming bats’ use of ultrasound to avoid obstacles in flight and coining the term echolocation in the process. In 1953, Griffin dragged a literal truckload of equipment to a pond near Ithaca, New York, and listened to bats as they hunted insects above the water. He noticed that foraging bats were adjusting their sound production patterns in flight. At this point, no one had suspected that bats could use echolocation to detect and capture small, fast-moving insects on the wing. Even Griffin himself was surprised, later writing that “echolocation of stationary obstacles had seemed remarkable enough, but our scientific imaginations had simply failed to consider . . . this other possibility with such far-reaching ramifications.”


[image: Image]

Donald Griffin sets up a mist net outside a cave in Australia in 1980.






Echo Echo Echo


Echolocation calls are small bursts of sound, produced by bats as they move through the environment. Essentially bats shout to see. Almost all echolocating bats produce calls using their larynx (or voice box) and so are referred to as laryngeal echolocators. In humans, bats, and other mammals, the larynx is made up of folds of tissues called the vocal cords. Air passes through these vocal cords, causing them to vibrate. How fast they vibrate depends on the tension of the folds, which are controlled by muscles within and alongside the larynx, and the speed in turn determines the pitch of a produced sound. The cricothyroid muscle is the main muscle responsible for lengthening and tensing vocal cords; in bats, this muscle is very large relative to their body size. A recent study found that the cricothyroid muscle can achieve superfast contraction rates that help bats produce rapid echolocation clicks in flight.


[image: Image]

Bats detect objects and obstacles around them by emitting echolocation calls and listening for the returning sound waves. Bats have special adaptations in their larynx (voice box), especially in the cricothyroid muscle, that enable the production of these high-frequency sounds.






Adaptations in the vocal cords of bats also help them produce low-frequency sounds as well. Some bats have a vocal range covering almost seven full octaves—even the most accomplished human singers can only cover about three or four octaves. To produce low-frequency calls for communication, bats vibrate a set of false vocal cords (also called ventricular cords) that lay on top of the true vocal folds. Interestingly, humans can also vibrate these false vocal folds, which is how performers like throat singers and death metal vocalists produce those guttural, vibrating sounds.


When echolocating, a bat compares the time delay between the produced noise (echolocation pulse) and the returning echoes. The durations and between-call intervals (how much time elapses between each call) are usually measured in milliseconds and vary depending on the bat species, the task the bat is trying to accomplish, and the surrounding environment. The frequency (or pitch) of these calls also varies across species. Most bats produced echolocation calls above the range of human hearing (above 20 kHz), but some, like the spotted bat, produce calls much lower in pitch—as low as 8 kHz. If you live in an area with these low-frequency bats (such as the American Southwest for spotted bats), listen closely at night for the sound of birdlike, short, sharp chirps. What you might be hearing is a bat! On the other end of the spectrum, the trident bat produces calls reaching over 200 kHz.


[image: Image]

This sound picture (or sonogram) of the search echolocation calls of a spotted bat was recorded in Nevada. Spotted bat call around 10 kHz, within the range of human hearing. Recorded as part of the North American Bat Monitoring Program.
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In this echolocation call sequence of a little brown bat, note that the calls are both higher pitched than the spotted bat’s call (starting around 40 kHz) and form a swooping vertical shape. Recorded as part of the North American Bat Monitoring Program.






Most insect-eating bats produce echolocation calls between 20 and 60 kHz. Why such high frequencies? High-frequency wavelengths and their associated echoes provide better detail than low-frequency wavelengths. It’s the acoustic equivalent of using a small, fine paintbrush to color in detail in a painting instead of a large roller.


The Shape of Sound


The echolocation calls of a flying bat can be categorized into three phases: search, approach, and terminal buzz. During the search phase, bats produce less-frequent echolocation calls, with longer between-call intervals. These types of calls are often associated with bats flying in open spaces, where there are minimal obstacles to avoid. After detecting the echo from a target, such as a flying insect, the bat enters the approach phase, when both the call rate and the length of each call increase. As the bat comes closer to its target—as judged by decreasing time between echoes—it enters the terminal buzz phase. The bat starts emitting echolocation pulses very quickly, reaching maximum rates as high as 200 calls per second. These rapid pulses are also sometimes called feeding buzzes, because they usually indicate a bat has attacked or attempted to attack an insect. By varying the echolocation call rate and intensity, the bat is working to maximize the amount of information it obtains from the acoustic environment. While not exactly analogous, it’s a little bit like squinting at a picture to resolve more detail.


[image: Image]

The sequence of echolocation calls as a bat nears its target, a tasty insect. Search phase calls are produced at slow rates. Once an insect is detected, the bat increases the call rate before using the terminal buzz to zero in for the final attack.






One truly remarkable thing about bat echolocation is the overall diversity in echolocation signals. Different species of bats produce different echolocation calls, which can tell us about what and how a bat eats and where it lives. Bats that fly in open spaces, such as above the forest canopy or in open fields, tend to have longer, lower frequency calls that allow them to detect prey from farther away (up to 10 m). In contrast, bats that forage inside or on the edges of forests produce shorter calls in varying shapes to avoid confusing prey echoes with that of surrounding vegetation. These differences in echolocation calls represent a type of ecological partitioning, where species specialize on certain prey or habitats to avoid competition with other bat species in the area.


Each echolocation pulse produced can cover a range of different frequencies. Most bat calls are classified as frequency-modulated (FM), meaning the call starts at a higher frequency and then swoops downward to end at a lower frequency. These calls help bats navigate a variety of habitats and catch a range of different types of prey. Other bats have evolved calls specially adapted for foraging in highly cluttered environments. These bats make constant-frequency (CF) calls that are dominated by a single frequency. Bats that produce CF calls include Old World leaf-nosed bats (Hipposideridae), horseshoe bats (Rhinolophidae), and some mustached bats (Mormoopidae). When visualized, CF calls look a little like a half-drawn table: a straight line with a small little peg (FM sweep) at the beginning or the end. Bats that make these calls are also called flutter-detecting bats, for their ability to recognize the flutter of insect wings.


[image: Image]

Mesoamerican mustached bats living in the forests of Central America navigate using constant-frequency echolocation calls.






Doppler-shift compensation is a trick used by bats that produce CF calls. As the source of a sound moves, the frequency of the sound waves changes relative to the observer. This phenomenon is called the Doppler shift and it’s why ambulance sirens or train whistles become higher pitched as they approach us and then change to lower pitches as they move away from us. In this case, the bat is both the source and observer of a sound. As a CF bat approaches an insect, it adjusts its calls to account for its speed and listens for the echoes at a slightly lower frequency—the Doppler-shifted frequency. Imagine having to look for a green object against a background of many different colors. If your eyes were particularly sensitive to green and less sensitive to other colors, it would help that green object stand out. Bats that use Doppler-shift compensation can tune their auditory system to a very focused set of frequencies, which helps them pick out small details from other, potentially confusing information.


[image: Image]

Trefoil horseshoe bat emits constant-frequency echolocation calls from the nose.






Scientists visualize bat sounds by plotting time (usually in seconds or milliseconds) against the pitch or frequency of the call. This sound picture (or sonogram) allows scientists to analyze different aspects of a bat’s call, such as overall shape (CF versus FM), the duration of different types of calls, or how long the bat waits before calling again. Eavesdropping on the echolocation calls of bats can give a lot of useful information about what bats are around and what they are doing in their natural environment. Since different species produce different calls, it’s possible to identify which species are in an area by looking at these calls, either visually or with software programs designed to discriminate between bat calls.


Whether you are a scientist collecting data or an enthusiast just interested in the bats in your backyard, listening in on the sounds of bats still requires specialized equipment. Luckily, we have come a long way since Donald Griffin’s salt-crystal oscillator and truckful of listening equipment. Over the years, bat detectors and the associated equipment to record and visualize bat calls have gotten both more sensitive and compact. There are also a few different types of detectors that let us listen in on bats, but all bat detectors require special microphones that are sensitive enough to pick up on high-frequency bat calls.


Heterodyne detectors work by filtering for a certain sound frequency, then mixing it and shifting it downward into a frequency humans can hear. Because these devices are set to detect a certain frequency, they must be manually tuned and require some knowledge of the types of bats that might be in the area. Another method used by bat detectors is frequency division, in which the frequency (pitch) of the signal is divided in a way that results in a lower pitch. Finally, time expansion works by slowing down the call, which results in the pitch shifting downward. Unlike heterodyne and frequency-division detectors, however, time expansion is not useful for real-time listening to bats.


[image: Image]

Waterproof bat detectors like this one can be set out at field sites for days or even weeks, recording any nearby bat activity.






In the last decade, advances in computer processing and storage have made it easier and cheaper to directly record the sounds of bats by using full-spectrum or direct-sampling detectors. With these detectors, sounds are recorded at their original frequency, limited only by the device’s sampling rate (number of sound samples per second). One benefit of these detectors is that they can record audio files for later analysis and, in some cases, also provide real-time monitoring. Some companies have even started making full-spectrum bat detectors that can be plugged directly into smartphones, allowing the user to watch and identify bat calls in real time. These types of detectors are best for activities like educational bat walks or transect surveys, where a scientist walks a set path to listen for bats in the area.


For long-term monitoring, a variety of passive bat detectors can be attached to a tree or pole and left in the environment for a while. These tough, waterproof devices are set to trigger when they detect a bat call and then record the audio file to a memory card, providing a way for scientists to identify which bats are using a particular area or habitat over the course of days or weeks.
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The flattened tragus can be seen poking up from the center of the ear of this hairy legged myotis, a small insect-eating bat that lives in Central America.






What Big Ears You Have


The mammalian external ear consists of the pinna, concha, tragus, and external auditory meatus. The pinna is the fleshy part that sticks up or out from the head. Some echolocating bats have pinna with elaborate folds or exaggerated sizes compared to those of other mammals. Just like cats and dogs tilt or twitch their ears in response to sound, bats are also able to move parts of their ears to maximize detection of faint returning echoes. Bats that hunt primarily by listening to prey-generated sounds (like the rustling of leaves) tend to have extra-large ears. For example, the spotted bat has ears that when fully extended measure almost 2 inches, almost half of their entire body length. Bat ears also have a tragus, an extra fleshy protrusion that sits toward the front of the pinna. As sound enters the ear, the tragus creates a second echo as the sound reflects around the inside of the ear. Bats use the delay in this secondary echo to figure out where a sound came from in vertical space, whether above or below them.


After a sound has reached the outer ear, it travels down the external auditory meatus to the tympanic membrane, or eardrum. Small bones called ossicles connect the eardrum to the inner ear, helping transmit sound waves through the middle ear to the cochlea, a snail-shaped structure of the inner ear that is lined with sensory hair cells and filled with fluid. As sound enters the cochlea, it vibrates the hair cells, triggering nerve impulses that get sent down neurons to the brain via a bony tube called the Rosenthal’s canal. The shape of the Rosenthal’s canal differs among bats that produce different types of echolocation calls. Bats producing CF calls have the typical solid bony tube, whereas those that produce varying FM calls have large holes in the wall of this tunnel. Bats with these more open canals also have more neurons in this region, reaching as many as 46,000 neurons compared to the 17,000 found in CF bats.


Bat Sounds in the Brain


From the cochlea, these many neurons travel to the auditory cortex, the main brain structure responsible for processing acoustic information. Different subregions of the auditory cortex respond to different elements of sound, such as frequency or, in the case of bats, the delay between emitted echolocation pulse and the returning echo.


Individual neurons in the auditory cortex respond to certain sound frequencies and are distributed in what is called a tonotopic map. In most bats, the front part of the auditory cortex has neurons that respond to high-frequency sounds, with lower frequency sounds triggering neurons toward the tail end of the cortex. Bats also have specialized delay-tuned neurons that allow them to precisely estimate the distance of an object from its echo. Bats estimate their velocity and the speed of the object of interest in another part of the auditory cortex called the CF-CF, named for its involvement in processing constant-frequency sounds. Finally, bats that use Doppler-shift compensation to detect moving prey have a third part of the auditory cortex that responds to changes in echo frequency as an object moves relative to the bat.


Bats can process acoustic information from echoes with impressive speed and accuracy. A recent study found that Mexican free-tailed bats can accurately discriminate between different textures. Bats were trained to associate coarser grit sandpaper with a mealworm reward. They easily discriminated between ten different sandpaper comparisons, struggling only when the difference in mean particle size (coarseness) was about 20 μm. Put another way, these bats were able to differentiate texture using sound with about the same accuracy of a human hand discriminating texture using touch.


[image: Image]

Mexican free-tailed bats can accurately discriminate texture using echolocation alone.






The Better to Hear You With


A downside of high-frequency calls is that sound doesn’t travel as far as low-frequency sounds. How do bats compensate for the lost distance? By being really, really loud. Sound intensity is measured in decibels (dB), representing the sound pressure level at a specific distance away from a source. Leaves rustling in the breeze is about 30 dB, average human conversation tends to be about 60 dB, and running the vacuum cleaner is about 75 dB. The average intensity of the echolocation calls of a big brown bat flying in the open sky is around 130 dB—the equivalent of being front row at a rock concert or in the pit at a stock car race. Other bat species may call even more loudly, with the Neotropical lesser bulldog bat recorded calling at intensities greater than 140 dB.


On the flip side, so-called whispering bats generally produce softer calls, usually between 50 and 90 dB. Like humans, bats have control over how loud they are, and even these quiet bats have been recorded calling at intensities above 100 dB.


Variation in loudness is linked to what bats eat. Bats that capture insects out of the open air tend to be louder, although there are disadvantages for being too loud. Those bats that specialize on moths that can hear ultrasonic calls have adapted to produce very quiet calls to avoid detection by their prey.


If bats are producing echolocation calls at the intensity of a rock concert, how do they manage to still hear the returning echoes? Luckily, bats seem to have found a solution, called forward masking or self-deafening. When a bat calls, a small muscle in the ear called the stapedius contracts. This contraction reduces the movement of the ossicles and the amount of sound that is transmitted to the cochlea. All of this happens very quickly, allowing the bat to still hear faint echoes as they return to the ear following an echolocation pulse.


Weird Noses


Four groups of bats have fleshy flaps and projections around their nostrils, called nose leaves: horseshoe bats, named for the horseshoe shape of their noses; roundleaf bats, with large, dish-shaped projections around their noses; false vampire bats, with long, flattened or heart-shaped nose-leaves; and the New World leaf-nosed bats, with nose leaves in all shapes and sizes ranging from large pointy spears to barely any leaf at all. While geographically distributed in different areas arounds the world, these flappy-nosed bats all have one major thing in common—they echolocate out of their nose.


The folds and flaps around the noses of these bats have evolved to improve the shape and direction of their echolocation calls. In the same way that we cup our hands around our mouths to better direct a shout, the projections above the nose act as baffles to direct the call. As the bat echolocates, the outer edges of the nose leaf twitch inward or downward, often extremely rapidly. The exact way these twitches shape the sonar beam varies depending on the species and the characteristics of the call (such as FM or CF calls), but in many species they serve to focus or narrow the beam in one direction. Horseshoe bats also have enlarged nasal chambers and unique strand-shaped nasal bones that seem to help them generate calls from their nose.


The conventional wisdom on bat echolocation calls was if a bat had a nose leaf, it only echolocated out of its nose. In many species of New World leaf-nosed bats, this presumably meant being able to echolocate while also carrying a large piece of fruit or prey item in your mouth (got to love a multitasker). However, time and time again, several of the assumed nose-shouters were photographed flying with their mouths wide open.


[image: Image]

The hairy big-eyed bat is a New World leaf-nosed bat.
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The rufous horseshoe bat, an Old World leaf-nosed bat, has a rounded and folded nose leaf.
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Schneider’s leaf-nosed bat, an Old World bat, echolocates from its nose.






To address the question of whether having a nose leaf means bats only echolocate out of their nose, a group of researchers from the Smithsonian Tropical Research Institute in Panama and the University of Ulm in Germany captured forty species of leaf-nosed bats in Panama and Peru. Led by graduate student Gloria Gessinger, the researchers flew the bats in an outdoor flight cage and recorded their behavior using high-speed video cameras and ultrasonic detectors. What they found was a little bit surprising. Some of the leaf-nosed bats, like the Jamaican fruit-eating bat and the hairy big-eyed bat, only flew with their mouths closed, consistent with the hypothesis that they rely solely on nasal echolocation. However, many of the species with a large and distinctive nose leaf, like the yellow-shouldered bat and short-tailed fruit bat, consistently flew with their mouth open. Other bat species seemed to use a combination of both strategies, sometimes flying with the mouth open and sometimes closed. While primarily observational, this study raises interesting questions for how, why, and when bats might echolocate from the nose versus from the mouth. It also highlights the importance of challenging assumptions when it comes to bats—and science!


[image: Image]

The Jamaican fruit-eating bat flies with its mouth closed. This species is never seen flying with its mouth open and presumably uses only nasal echolocation.
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While capable of echolocating with the nose, the northern yellow-shouldered bat—seen here flying with its mouth open—may also echolocate with its mouth.







Tongue Clicking


The use of ultrasonic pulses to navigate in the dark is an evolutionary innovation that was important to the evolution and diversification of bats across the world, but not all bats can use echolocation. Flying foxes and other Old World fruit bats in the family Pteropodidae don’t echolocate, instead relying on vision and smell, with one interesting exception: the Egyptian fruit bat.


Egyptian fruit bats echolocate, but they don’t do it like the rest of the world’s echolocating bats. Instead of producing echolocation calls from their larynx, they click their tongues. Lingual echolocation and the associated clicking signals are considered less sophisticated than the signals produced by laryngeal echolocators, but that doesn’t necessarily mean they are less effective. Tongue clicks produced by Egyptian fruit bats can be as short as 50–100 microseconds and provide enough information to help them avoid wires and other obstacles in the dark. The bats don’t just emit one click at a time, instead producing clicking signals in pairs, separated by about 20 milliseconds. A study using a combination of high-speed cameras and microphones arrayed to track bats’ head movements while echolocating revealed Egyptian fruit bats can adjust sonar beam directions without moving their head or lips—something it was thought only laryngeally echolocating bats could do. The trick seems to be in the location of the tongue during clicking. Using models, the researchers showed that a 6-mm shift in the tongue position could cause almost a 26° shift in beam direction during echolocation.


So why do Egyptian fruit bats use lingual echolocation, whereas other Old World fruit bats don’t? The main hypothesis is that it has to do with their roosting ecology. Unlike other fruit bats that spend their days among the leaves and branches of trees, Egyptian fruit bats roost in colonies deep in caves, where there is little light available for vision. Using their tongue clicks, the bats can use sound to avoid running into cave walls while exiting the roost. Once in the open skies, Egyptian fruit bats can then also use vision and olfaction to get around.


Even with adaptations for low-light vision (more on that later), navigating in the dark without echolocation is still a challenge. And it turns out that at least some other Old World fruit bats have another trick up their sleeve (er, their wing). At least three species of fruit bats have been recorded producing clicking noises with their wings while flying. To test if these wing clicks were being used by the bats to navigate, researchers flew them in dark and light conditions, challenging the bats to navigate around objects like thick wire. Untrained bats increased the rate of clicking when flying in the dark, suggesting the use of the sounds for improving navigation in low-light conditions. Wing clicking does not appear to give bats a lot of detail though, as they generally failed to completely avoid the wires in the dark.


[image: Image]

The only member of the Pteropodidae known to echolocate, Egyptian fruit bats produce calls with the tongue instead of the larynx.






Exactly how these bats produce clicks with their wings remains a bit of mystery. Even after using high-speed cameras to look at the bats flying in dark and light conditions, there were no obvious differences in the ways their wings moved. It’s also unclear just how widespread this behavior might be in these fruit bats and just how much the animals rely on these signals. Compared to lingual and laryngeal echolocation signals, wing clicks are much quieter and lower in frequency, making it difficult to detect them without highly sensitive equipment. Even if these signals are only occasionally used by these bats, they might still offer interesting insights into how bats evolved to use echolocation. This discovery is also a reminder of the many ways that bats can continue to surprise us.
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Chapter 3 Scent


When I was living in Gamboa, Panama, as a research fellow at the Smithsonian Tropical Research Institution, I walked by a large fig tree every day on my way to the lab. The tree was nestled in the side of a hill, with branches that hung low over the sidewalk, requiring me to duck or walk around them to avoid getting snagged. This was in early September, solidly in the middle of the Panamanian wet season, which is generally warm and muggy. I didn’t take much notice of the tree in the first few weeks I was in Gamboa. Meanwhile the fig tree was just being a regular tree, doing normal tree things—soaking in carbon dioxide, turning it into sugar, cleansing the air we breathe.


[image: Image]

Even in bats that echolocate, smell is an important sense. Fruit eaters like this great fruit-eating bat use smell to help them find and make decisions about food.






After a few days taking a different route to the lab, I noticed something different about the tree. Many fig tree species in Central and South America undergo a big bang process of fruiting, where all the fruit on a single tree ripen at the same time. The dramatic explosion in ripeness attracts a whole range of fruit-eating animals, including monkeys, toucans, parrots, agouti, kinkajous, and bats. When the neighborhood tree began to ripen, it dropped little ripe green figs all over the street and occasionally on your head (if you weren’t careful). Beyond having to dodge the potential bonk to the noggin, the fruit stunk. The smell was probably due to the overripe figs that had dropped to the ground and got trampled into a slick, stinky, slip-and-slide of squashed fruit. When I curiously plucked a green fig and held it up to my nose, however, it did have a fruity, but faint smell.
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