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PREFACE


This book is about the threat that climate change poses to the diversity of plants and animals that inhabit Earth. According to some headlines, more than a million species could face extinction due to climate change during the twenty-first century. Debate on this topic has tended to be polarized by the viewpoints of catastrophists who fret that we are heading toward total disaster, and skeptics who insist that there is nothing to worry about. My goal in this book is to describe as accurately as possible the current understanding of this issue. I aim to explain the science behind the debate and evaluate in an unbiased and level-headed manner the risks that climate change poses.


My main argument is that climate change is a severe threat to many species. In particular, climate change amplifies the risk of extinction when combined with other threats, such as habitat destruction, overharvesting, and invasive species. However, I show that it remains extremely difficult to predict how bad future impacts will be and I warn against alarmist messages of impending catastrophe. In doing so, I wade into some prickly—but important—territory concerning the role that scientists play in influencing public and political debate. Are scientists and environmentalists “crying wolf” over climate change?


There has been a huge amount of scientific research in recent years on the impacts of climate change, and my primary motivation for writing this book has been to communicate some of this fascinating and important science to a broader audience. The vast majority of information presented here is taken directly from articles published in peer reviewed scientific journals. Additional insights and tidbits of information that help make sense of the technical literature have been provided by colleagues (see Acknowledgments), but I have not adopted a journalistic approach of conducting interviews to provide content for the book.


It has not been my goal to provide an exhaustive review of studies that have been published on this topic. Rather, I have selected case studies that illustrate key concepts and that together link up to make a coherent, and I hope interesting, narrative. Wherever possible, I have selected studies to include a variety of organisms from different regions of the world, and I have paid particular attention to studies that illustrate how facts and figures provided by dedicated volunteers—“citizen scientists”—can be crucial for increasing our knowledge of the natural world.


In order to understand science, it is essential to understand scientific methods. I therefore aim to describe not only what we know, but also how we know it—the data, methods, and reasoning that led to a particular conclusion. For instance, I describe the various types of observations and models that have been used to predict future species’ extinctions due to climate change. It is necessary to appreciate how these predictions are made if we are to interpret them correctly and make informed decisions about how to respond to the threat.


I hope that this book will appeal to anyone with an interest in nature conservation and/or the broader climate change issue. I find that the details of the science can be perfectly well communicated while avoiding jargon and an excess of technical terms. In fact, my experience in writing this book has taught me that, far from leading to imprecision, the translation of scientific articles into readable essays for the nonspecialist in some cases actually increases precision—there is no hiding flaky thinking or half-baked ideas behind technical terminology and impenetrable academic phrasing.


Climate change and nature conservation are—like it or not—issues that are important for all of us. We must be armed with a clear understanding of the risks involved if we, as a society, are to make informed and reasoned decisions about the action that should be taken to face the challenges of the coming century. My hope is that this book contributes toward deepening that understanding.




A note on units: Metric units, such as meters and kilometers, are most commonly used in science and I have therefore mostly adopted these measures throughout the book. However, in departure from the scientific literature, I present temperature measurements in degrees Fahrenheit rather than degrees Celsius. This is because Fahrenheit remains the most commonly used temperature scale in America, especially when referring to climate and weather. A list of conversions is included.
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A Climate for Life














Millions of species


There are approximately 1.5 million species living on our planet that are known to science. This is roughly the number of species that have been observed, named, and assigned a place on the tree of life by biologists. It’s only a rough estimate because there is no centralized list, so we can’t do a single giant tally. Nevertheless, it is reasonable to assume that we are correct to within a few hundred thousand.


The number of species that are recognized by science increases by about 10,000 each year. Again, we don’t know the number for sure, but this is more or less the capacity of the world’s biologists to name new specimens and write scientific descriptions about them. Contrary to what many people think, the discovery of unknown species is not at all rare. If you were to trek into a rarely visited tropical forest right now, you’d be pretty much guaranteed to find an organism that is unknown to science within a few hours. It’s unlikely to be a bird or mammal, but finding an insect or plant is not unreasonable. If you care to sink to the bottom of the deep sea in a submersible, then I’ll give you just a few minutes to find a new fish.


So, if there are still such riches to be discovered, what is the actual number of species on the planet? The sorry truth is that we have very little idea. A sensible estimate is probably around 10 million species, but an educated guess of 4 million is reasonable, while upwards of 100 million can be justified. A lot of the uncertainty stems from the fact that much of the planet is yet to be visited by teams of field biologists with their sampling nets and pickling jars. But the uncertainty is confounded by ongoing debate as to how species should be defined—when is one species really two similar species?1—and by ambiguity as to which types of organisms we should include in our tally—certainly mammals, birds, plants, and insects, but add to the mix microbes such as bacteria, and our estimate will be pushed up by a vast, but almost entirely unknown, amount. So, we can’t be confident we’re even in the right ballpark when estimating how many species there actually are—but there sure are many.2


These are a lot of big numbers to begin the book with, but bear with me: we’re getting to know the stage on which the story will unfold. The myriad of species alive today represents the diversity of life on Earth, and it is this diversity—commonly referred to as our planet’s “biodiversity”—that is of central interest in this book.


Another rough estimate is that only about one in a thousand of the species that have ever existed on Earth are still alive today.3 We can’t possibly know the proportion precisely, but the fossil record reveals that the vast majority of life forms that have ever been molded by evolution are long gone. The fossil record also reveals that many species went extinct during cataclysmic events scattered sporadically throughout Earth’s history. Most famously, 65 million years ago something—most likely a massive meteorite smashing into the Earth—drove the dinosaurs to extinction, and there have been at least five other mass extinction events over the last 600 million years, each of which took a major chunk out of the diversity of species living at the time.


Here’s my point: After each catastrophic event, it took evolution at least 10 million years to rebuild the former levels of diversity. That’s a mighty long time, meaningless on human time frames. As far as we’re concerned, the species alive today—however many millions there may be—are irreplaceable. Unless we put misguided faith in Jurassic Park–style technology to re-create extinct species from recovered strands of DNA, the current diversity of life is all we will ever have. It is the purpose of this book to assess the threat that climate change poses to this irreplaceable richness.


Climate clearly has a fundamentally important influence on nature, with species having adapted to live under certain conditions. For instance, emperor penguins have evolved a thick layer of blubber under their feathers to enable them to withstand some of the coldest temperatures on Earth, while their relatives, the Galápagos penguins, have been on an evolutionary diet to shed the insulation and survive in hot, equatorial climates. Likewise, you’re not going to find palm trees on a skiing vacation or alpine conifers during a desert island getaway.


But these are extreme examples of how the climate affects species—differences between climates don’t need to be so dramatic for us to see variation in species. Throughout nature, subtle differences in the climate have a major impact on the plants and animals that are found in a particular area.


Let’s take a brief look at the flora and fauna of Vietnam as an example. Vietnam provides a good illustration because it is orientated north–south and therefore covers a range of latitudes, giving a gentle climate gradient across the length of the country. The north is relatively cool, with cold, humid winters and occasional frost on high ground. Summers are hot and wet, with humidity reaching levels that make you feel not just muggy, but downright soaked. Moving farther south, the temperature begins to warm and seasonal differences become less pronounced, so that by the time you reach the Mekong Delta in the far south, temperatures remain warm and stable throughout the year. This north-south climate gradient is also mirrored across elevation changes in the country, with the environment becoming predictably cooler and wetter as you move into mountainous regions, such as central Vietnam’s Annamite Range.


These changes in climate are clearly reflected in the country’s biodiversity. Northern regions contain forests of cold-tolerant plants, including birch and walnut trees, and spectacular rhododendron flowers. This environment is home to a number of animals that are endemic to the region; that is, they are found nowhere else on the planet. These endemics include the Red-Throated Squirrel, the Tonkin Snub-Nosed Monkey, and the White-Eared Night Heron—each named because of its peculiar physical characteristics, and each restricted to this cool environment. Moving south, the northern assemblage of species is gradually replaced by plants and animals favoring warmer and less seasonal climates. Southern Vietnam’s biodiversity closely resembles that found in tropical regions, and includes a variety of species that are also often delightfully named to give us an insight into their most distinctive features: the Orange-Necked Partridge, the Grey-Faced Tit Babbler, and the Con Son Long-Tailed Macaque.4


Similar changes in species composition are evident along Vietnam’s elevation gradients, with more cold-tolerant species found in upland areas. Of course, patterns in the distributions of species in Vietnam, and elsewhere, are not solely the result of the climate. Other factors, including fluctuations in sea level and the movement of continents over very long periods of time, have also played their part in scattering species around the landscape. But it is clear that the climate has a fundamental influence on where species are distributed.


What if the climate changes? What if environments in the south of Vietnam become too hot for species like the Orange-Necked Partridge and the Con Son Long-Tailed Macaque, and conditions farther north become more suitable for these species? Are many species destined to become extinct as their local environment becomes unsuitable, or will species relocate in order to find suitable conditions elsewhere? And what about cold-tolerant species that are isolated on mountaintops—will they be left with nowhere to go if the climate warms?


Before we begin to tackle these questions, I want to first emphasize why the issues raised are extremely important.


Trillions of dollars


These days, it is easy to feel disconnected from nature, to be unaware of and to forget the multitude of ways that we are dependent on biodiversity. Biodiversity is not a superfluous luxury—something to be enjoyed on weekends and holidays, or through TV wildlife documentaries. In reality, biodiversity provides services that are essential for human well-being. These services include the recycling of wastes, purification of drinking water, and maintenance of soil fertility. Biodiversity is also the source of food, fuels, building materials, and many medicines. Massive loss of species due to climate change would undoubtedly have profound implications for many of these services. If we imagine that biodiversity acts like a huge machine—a dynamic, interconnected system with many parts—then like any machine, it is inconceivable that the system will continue to function properly if we remove a substantial number of its parts.


One way to try to assess the importance of biodiversity is to assign an economic value to it. Those studies that have attempted to do so—by estimating the monetary worth of each of the many services provided and then totaling for the entire globe—have invariably come up with astronomically high numbers, measured in tens of trillions of U.S. dollars and comparable to the size of the entire global economy.5 In truth, the economies of the world would grind to a halt without the services provided by biodiversity, so if climate change poses a threat to natural systems, then we should be more than a little concerned.


Of course, it is well known that our planet’s biodiversity is under assault from a wide variety of human activities. Perhaps the most obvious and serious threat comes from the destruction of natural habitats. We have transformed at least half of the ice-free land surface of the planet for human use, turning natural forests and prairies into agricultural systems, and converting wetlands and even deserts into cities and towns.6 The remaining isolated fragments of intact habitat cannot support the same diversity of life as large continuous expanses once did. Other major threats include the overharvesting of wild animals and plants for food, medicine, and building materials, and the (often accidental) introduction of non-native, invasive species in regions where they out-compete their local counterparts and drive endemic species to extinction.


A central point that I will emphasize in this book is that climate change should not be thought of as independent from other threats: it is the interaction of multiple threats that presents the biggest challenge to biodiversity. However, there are at least three key reasons why climate change presents unique challenges to conservation. First, climate change is a truly global phenomenon. Unlike other threats that may not affect a particular area, no region can expect to remain unaffected by the changing climate. For example, a nature preserve may be legally protected from habitat destruction and overexploitation, but climate change will not respect the preserve’s boundaries. Second, we are already committed to climate change throughout the twenty-first century. The climate system takes many years to adjust to new levels of atmospheric greenhouse gases, so even if we halted emissions today, the quantity of greenhouse gases already in the atmosphere will continue to cause warming for decades to come. By contrast, if the political and social will existed, we could halt many other threats much more rapidly. Third, it is anticipated that the impacts of climate change on biodiversity will creep up on us gradually over the coming decades. The impacts will tend to be less sudden and immediately obvious than those caused by other factors, making climate change a kind of “stealth” threat. Society is likely to be slow to sense the danger if the changes seem gradual; instead, we tend to require a sudden jolt in order to provoke action to tackle an issue.7


Climate change catastrophe?


Climate change is one of the most challenging and controversial issues of our time. Much of the debate surrounding the issue revolves around the problem of uncertainty: How sure can we be that the climate is changing due to human activities? Are we certain that it will continue to get warmer? Most of the science we learn at school concerns neat, indisputable certainties, so it is sometimes difficult to appreciate that scientific frontiers are characterized by incomplete knowledge, debate, and by a healthy serving of uncertainty. To inform society about a pressing issue such as climate change, we must rely on weighing-up the available evidence and forming a consensus of opinions that best represents our current understanding.


In 1988, the United Nations responded to the need for a comprehensive and objective assessment of the climate change issue by establishing the Intergovernmental Panel on Climate Change (IPCC). The IPCC represents an immense collaboration between hundreds of experienced researchers from around the world, and although it has attracted controversy and criticism,8 the panel remains the most authoritative source of information on climate change. The IPCC has now published four weighty (in fact, very weighty) assessment reports, the most recent in 2007 (a fifth installment is scheduled for 2013). These reports are crammed full of results from thousands of studies, along with carefully worded interpretations summarizing the consensus view. The authors express their assessment of the likelihood that a statement is correct using terms such as very likely (formally meaning a probability of more than 90 percent) or likely (probability of more than 66 percent).9


On the question of whether the climate is warming, the IPCC finds no need for fuzzy levels of confidence—the evidence is unequivocal. Observations of increases in global average air and ocean temperatures, widespread melting of snow and ice, and rising global sea level prove beyond reasonable doubt that the planet is heating up. However, it is important to note that this overall, planetary warming trend is reflected in varied regional changes; for instance, twentieth-century warming was strongest over the continental interiors of Asia and northern North America, while a few regions, such as an area over the northern North Atlantic (not too far from Greenland), have actually cooled. Similarly, there have been regional changes in rainfall patterns, with some areas getting wetter (including eastern parts of North and South America), while other areas have dried (including the Sahel region of northern Africa).


Identifying the cause of these changes is a little trickier. However, the IPCC has concluded that it is very likely that most of the observed increase in global average temperatures since the mid-twentieth century has been caused by human emissions of greenhouse gases. Atmospheric concentrations of carbon dioxide and other greenhouse gases have increased markedly as a result of burning fossil fuels—oil, coal, and gas—over the last two centuries. Indeed, data from Antarctic ice cores, which provide a record of ancient atmospheric constituents by preserving tiny bubbles of air trapped in the ice, reveal that greenhouse gas concentrations are now higher than they have been for at least the last 800,000 years. It is well established that increasing the atmospheric concentrations of greenhouse gases will lead to warming of the planet. This is because these gases only absorb radiation at certain wavelengths, meaning that more heat will reach the Earth’s surface than will escape from it—the so-called greenhouse effect. The physical properties of greenhouse gases therefore point us toward the conclusion that human activity is having a discernible influence on the global climate.


As for what the future holds, the IPCC states that unless greenhouse gas emissions are reduced, it is very likely that changes in the global climate system will be larger during the twenty-first century than those observed during the twentieth century. Predictions of future climates are made for a range of alternative scenarios that take into account various uncertainties, including the quantity of greenhouse gases emitted by human activity over the coming years. Scenarios range from high emissions in a world of rapid economic growth driven by fossil fuel–intensive technologies, to low emissions in a more environmentally sustainable world that has adopted cleaner technologies. Predictions are therefore presented as a range of scenarios that try to put high and low bounds on what changes we can expect given a variety of plausible futures. These scenarios provide a basis for saying, “Well, this is the best we might expect, and that is the worst.”


The IPCC estimates that under a best-case scenario, the rise in global average temperature during the twenty-first century is likely to be in the range of 2–5.2°F, and under a worst-case scenario, it is likely to be in the range of 4.3–11.5°F. To put these numbers in perspective, the average temperature each year in Washington, D.C., is around 2°F warmer than in New York City, while London is in the order of 11°F cooler than Barcelona. It is also predicted that the rise in temperature will be accompanied by other changes in the climate system. For instance: it is very likely that rainfall will increase at high latitudes and will decrease in most subtropical land regions; it is very likely that heat waves will continue to become more frequent; and it is likely that tropical storms (including hurricanes and typhoons) will become more intense.


These adjustments to the climate system are expected to impinge on many aspects of human life all around the world. To mention just a few of the potential impacts described by the IPCC: agricultural yields will decrease in warmer regions (including much of Africa) and increase in cooler regions; heat-related deaths will rise (largely due to cardiovascular mortality and respiratory illnesses caused by heat waves), and cold-related deaths will fall; the risk of wildfires will increase; shrinking of glaciers and snow cover will threaten freshwater supplies; some infectious diseases will move into new areas; and many millions of people will be displaced by flooding due to sea-level rise.


For the purposes of this book, I will accept the IPCC’s conclusions that the climate is changing, that this is largely due to human emissions of greenhouse gases, and that the climate will continue to change throughout the coming century, having many far-reaching impacts. My goal is to assess in depth one element of these broader impacts: effects on biodiversity. On this topic, the IPCC’s conclusion is that it is likely that 20–30 percent of species assessed so far will be at increased risk of extinction if global warming exceeds roughly 3.6°F, and that extinctions could be more on a scale of 40–70 percent if the temperature increase exceeds 6.3°F.10


In light of this conclusion, it appears that the outlook for biodiversity under climate change is extremely bleak. In general, the language used to talk about the impacts of climate change has become that of disaster and catastrophe. This was especially apparent in events preceding the 2009 UN Climate Change Conference in Copenhagen. At a United Nations summit convened in New York to gather momentum ahead of the conference, President Barack Obama said that by failing to meet the climate change challenge, “we risk consigning future generations to an irreversible catastrophe,” while UN Secretary-General Ban Ki-moon similarly referred to “catastrophic climate change.”11 A few weeks later in London, UK Prime Minister Gordon Brown told the Major Economies Forum that the economic costs of failing to tackle climate change could be “greater than the losses caused by two world wars and the Great Depression.”12


World leaders have consequently joined environmental pressure groups and the media in spreading a message of climate change doom and calamity. This message is especially apparent in some of the documentary-style feature films that have addressed the issue. Most famously, Al Gore’s An Inconvenient Truth wraps sound science in a message of fear and crisis—the film’s trailer declares that this is “by far, the most terrifying film you will ever see. . . . nothing is scarier . . . ” And Gore is clear in his assessment of the magnitude of the problem: “Our ability to live is what is at stake.” In another film—The Age of Stupid—Oscar-nominated actor Pete Postlethwaite plays an elderly man living in 2055 among the debris of a planet devastated by climate change. The film opens with images of the Sydney Opera House on fire and Las Vegas in ruins beneath desert sands. Postlethwaite’s character has had the foresight to build a giant storage facility in the Arctic (no longer frozen, of course) in which he houses artifacts from the world’s museums, including specimens from natural history collections that represent the past diversity of life on Earth. The image, then, is that of a Noah-like catastrophe. It seems we should be afraid, very afraid.


But from the perspective of biodiversity conservation, is the message of impending disaster alarmist or justified? What is the scientific reasoning behind the IPCC’s conclusion that mass extinction is imminent, and is their conclusion reasonable?


Fingerprints of climate change


In building toward answering questions about future impacts, it is first necessary to understand how climate change is already affecting plants and animals around the world. In Chapters 2 through 4, I describe some of the known biological “fingerprints” of climate change—unique traits that provide compelling evidence that climate change has had an impact on biodiversity over recent decades.13 In Chapter 5, I ask whether individual fingerprints from different regions of the world add up to a global picture that incriminates climate change as being a serious threat to biodiversity.


The first half of the book provides important groundwork for the second half, which looks more to the future. Chapter 6 gets to the heart of the matter by trying to quantify how many species are at risk of extinction due to climate change. I explain the methods commonly used to make future predictions and describe some of the alarming estimates that have been put forward. Then, in Chapters 7 and 8, I detail two key issues—potential for evolutionary adaptation, and indirect impacts within ecological communities—that could greatly affect the accuracy of predictions about future extinctions.


Chapter 9 addresses head-on the contention that scientists and environmentalists have exaggerated the seriousness of the issue, leading to alarmist headlines in the popular media. Finally, in Chapter 10, I focus on what can be done to manage the risk: what conservation strategies are likely to be effective for maintaining biodiversity over the twenty-first century?


Now, let’s begin our search for fingerprints in Madagascar, with some of the most weird and wonderful creatures on the planet.
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Herps on Hills


Madagascar


The American Museum of Natural History occupies a large, rather grand building on the edge of Central Park in New York City. The museum celebrates the diversity of life on Earth with famous displays that include dinosaur bones, elephants, monkeys, lions, bears, birds, and a 28-meter-long blue whale. One of the museum halls is dedicated to amphibians and reptiles, which are often collectively termed herptiles—or herps for short. It is in this hall that you’ll find a group of Komodo Dragons, a Galápagos Giant Tortoise, a 7-meter Reticulated Python, and, if you look carefully, a Panther Chameleon from Madagascar.


Most of the animals on display at the museum are real specimens, collected over many years during expeditions around the world. But the specimens that the public can view represent just a small fraction of what the museum houses in its collections: the herpetology department alone holds approximately 335,000 specimens, including individuals representing roughly 60 percent of all known herptile species. Cataloging biodiversity by building vast collections is an important role of natural history museums, so the museum in New York continues to organize expeditions to some of the planet’s most biologically diverse regions. In some ways, these expeditions are the modern-day equivalent of the big-game hunting tours led by Teddy Roosevelt and others in the early 1900s, which brought back African mammals that are still on display at the museum. But while the old-school expeditions bring to mind images of pith helmets, safari suits, and hunting trophies, the ethos of modern trips is not only to catalog the diversity of life, but also to contribute to its conservation. As we’ll see in this chapter, recent museum-led expeditions to catalog the herps of Madagascar have begun to shed new light on how climate change impacts biodiversity.


Amphibians and reptiles are a logical place to start searching for impacts of climate change because they are cold-blooded; that is, they are directly reliant on the environment for maintaining appropriate body temperature. If it’s too cold, then they are unable to raise their body temperature enough to become active, and if it gets too hot, they will quickly feel the heat. Amphibians are also especially susceptible to drought since they are often reliant on ponds and streams—if there is no rain, then there are no ponds, and consequently no amphibians.


Madagascar, which lies off the southeast coast of Africa and is the world’s fourth largest island, is home to many unique amphibians and reptiles. The island has been separated from other landmasses for a mighty long time—it was last connected to the African mainland around 120 million years ago, but, surprisingly, it was most recently connected to India, about 90 million years ago. This isolation has led to the evolution of a diverse array of life forms that are endemic to Madagascar. Indeed, Madagascar is recognized as one of the planet’s biodiversity hotspots due to its unique and rich biodiversity, and also because this biodiversity is threatened by an expanding human population.1


The biodiversity hotspot label is well justified in terms of the island’s herps, with more than 90 percent of its reptiles and 99 percent of its amphibians found only on Madagascar and its small offshore islands.2 Perhaps the most famous reptilian inhabitants are the chameleons, which are locally revered for being mystic, no doubt due to their propensity to change color and their bizarre ability to move their eyes independently of each other. Another remarkable example of Madagascar’s herps are the Leaf-Tailed Geckos, which have large triangular heads, big beady eyes, and a tail that bears an extraordinary resemblance to a leaf, providing one of nature’s finest examples of camouflage.


Chris Raxworthy’s fascination with amphibians and reptiles dates back to his childhood pets and now, as a curator of herpetology at the American Museum of Natural History, he is a world expert on these critters. Raxworthy is one of a number of field biologists who maintain the museum’s long tradition of running expeditions in search of specimens to add to its collections. Since first visiting Madagascar as part of a student expedition in 1985, Raxworthy has returned to conduct herpetological surveys almost every year, visiting some of the most remote and mountainous areas of the island. When he first visited, only about 370 species of Malagasy herps had been identified, but over the ensuing years, Raxworthy and his colleagues have discovered more than 150 previously unknown species.


The identification of new species has been aided in recent years by powerful new laboratory techniques that enable biologists to look for genetic differences between specimens, but many of the techniques used in the field remain more primitive. How does an experienced herpetologist such as Raxworthy catch a fast-moving Leaf-Tailed Gecko? Answer: by stretching an elastic band between thumb and forefinger and flicking it at the unlucky creature. If your aim is good enough—and I dare say you need to be a pretty fine elastic-band flicker—the impact will stun the animal for long enough to catch it and take a sample of DNA or, sometimes, preserve the creature in a specimen jar.


The Tsaratanana mountain range in northern Madagascar includes the highest summit on the island—Maromokotro—which rises to 2,876 meters in elevation and is rich in species that are endemic to this region. Tsaratanana is particularly unusual in having an intact strip of natural habitat that extends from 1,400 meters in elevation to the summit of Maromokotro—a feature that is increasingly rare in a country where habitats are being destroyed at an alarming rate. This strip of habitat passes through a gradient of climates, with temperatures gradually dropping toward higher elevations. So if you set off up the trail that begins in Mangindrano village, you pass through a succession of different natural habitats, including rainforest and bamboo forest between 1,400 and 2,400 meters, grassy wetlands at around 2,500 meters, thick moss-laden forest around 2,600 meters, and rocky outcrops and heathland toward the summit. As you’d expect, the types of herps that you find also change as you hike up the hillside, with some species preferring warmer conditions at lower elevations, and other species hardy to cooler climes near the summit.


This strip of intact habitat at Tsaratanana has been surveyed by Raxworthy and his team on two separate occasions, first in 1993 and then again 10 years later.3 The second survey followed exactly the same route as the first, with the researchers choosing identical locations to set up camp and search the surrounding vegetation. Armed with elastic bands, and headlamps for night searches, the survey team scoured all available habitats, paying particular attention to tree cavities, where herps tend to hang out. Some captured specimens were preserved in formalin (an aqueous solution of formaldehyde) and, most crucially, the exact location at which animals were found, including elevation, was recorded.


Back in the lab, the localities at which each species had been found were compared between the 1993 and 2003 surveys, and an interesting pattern stood out: it seemed that on the second visit, species tended to be found farther up the hillside than they had been a decade earlier. Close examination of the numbers confirmed that the midpoint elevation of each species’ distribution—meaning the midpoint between the lowest and highest elevation recorded for each species—had increased by an average of 65 meters. Some species increased their elevation by much more than this (up to 400 meters) and a few species bucked the trend by moving downslope, but the dominant pattern over the 10 years was that of an uphill shift in distributions.


Shifts in species’ distributions toward higher elevation are a fingerprint of climate change that we should logically expect: because temperatures gradually drop as you reach higher up a mountain, if the climate warms, then conditions currently found at low elevations will shift upslope to higher elevations. But is there evidence that the observed uphill shifts in Madagascar are the result of climate change?


We saw in the opening chapter that regional temperature trends do not always adhere to the global warming trend, so to answer this question we should look for evidence of warming in this part of the world. Unfortunately, there are not a great number of weather stations in Madagascar, and of those that exist, few have records spanning the years in which the herpetological surveys were undertaken. Still, with perseverance, Raxworthy and his colleagues were able to dredge up useful climate records from five Malagasy weather stations, all of which revealed a warming trend. By pooling these data with additional records from the broader Indian Ocean region, the research team concluded that northern Madagascar most likely warmed by somewhere between 0.18 and 0.67°F between the decades 1984–93 and 1994–2004.


This may not sound like much, but we can translate the observed warming into an expected uphill shift. If you take a thermometer on a hike up a hill you’ll most likely record a regular drop in temperature of between 9 and 10.8°F for every 1,000 meters of elevation that you climb. This is known as the lapse rate and is caused by the decrease in air pressure as you get higher (as the pressure drops the air expands and there are fewer gas molecules to hold heat). A quick calculation tells us that the observed temperature change in Madagascar (0.18–0.67°F) equates to an uphill shift of 17–62 meters if we assume a lapse rate of 10.8°F per 1,000 meters, or 20–74 meters if we assume a lapse rate of 9°F. This, of course, is uncannily close to the average uphill displacement of 65 meters observed for the herps at Tsaratanana.


So it seems to add up that the observed distribution shifts are due to climate change. Raxworthy and his colleagues searched for possible alternative explanations, yet climate change remained the most likely culprit. Thus, we can expect the upslope trend to continue into the future as warming progresses. In later chapters, we’ll look at some neat ways that fairly complex computer models can be used to predict future impacts, but for now we can forecast what is likely to happen over the coming decades based on the simple lapse rate.


Taking a temperature rise of 2°F—which is a fairly middle-of-the-road projection for the twenty-first century, according to the IPCC4—and applying the lapse rate of 9–10.8°F per 1,000 meters, we can expect to see upslope distribution shifts in the order of 300 meters over the coming century. That’s rather a lot in comparison to the observed shifts from the recent surveys, and it doesn’t bode well for the survival of upland species. Throughout Madagascar, many endemic species are found only around the highest summits, a trend that is true not only for the herps, but also for numerous other groups including plants, freshwater insects, and rodents. Upslope distribution shifts aren’t an option for these species, thus bringing into play a high risk of extinction. At Tsaratanana, for example, two species of frog and one species of gecko are endemic to sites within 300 meters of the summit. A temperature rise of 3°F would push conditions that are suitable for these species up and off the top of the mountain.


Could many of Madagascar’s unique herps, including the chameleons and the Leaf-Tailed Geckos, be heading toward extinction in this way? Interestingly—perhaps prophetically—Raxworthy and his team did not find two of Tsaratanana’s three high-elevation endemics during their 2003 surveys. It’s too early to consider them extinct—the team might have failed to find them even if they were still there—but the signs are not encouraging.


In order to find evidence that species have been driven to extinction by climate change, we can shift our focus to the herps of Central and South America.


The lifting cloud base


Monteverde encompasses an area of tropical montane cloud forest in the Tilarán Mountains of Costa Rica. The forests are spectacular. Trees are tightly packed and tend to have gnarled trunks, dense crowns, and small, thick leaves. Mosses, lichens, and vines are abundant, blanketing tree trunks and dangling free in the moist air. Needless to say, biodiversity and endemism are sky high.


The Monteverde area was settled in 1951 by a group of about 50 North American Quakers, some of whom had a strong conservation ethic. In 1972, through efforts of the Quaker community and international donors, the first preserve was founded in the area—the Monteverde Cloud Forest Preserve—affording this unique forest ecosystem some legal protection. The preserve covers an area of roughly 40 square kilometers and almost the entire natural habitat remains intact. Against a backdrop of widespread habitat destruction, this should be a safe haven for the local flora and fauna.5


But in the late 1980s, biologists working in the area—especially the herpetologists—began noticing that things were going awry. Species’ populations throughout Monteverde were in rapid decline. In particular, a sudden crash of populations in 1987 affected numerous species, many of which never bounced back and now seem to be lost from the forests. The disappearance that has drawn the most attention is that of the Golden Toad. This brightly colored species was endemic to the high ridgetops at Monteverde, so its vanishing here would represent a global extinction—total, irreversible loss of a species.


The Golden Toad wasn’t even known to science until the mid-1960s, when University of Miami biologist Jay Savage coined the scientific name Bufo periglenes, which translates from its Greek origins literally as “bright toad.” On first encountering the toad in 1964, Savage was so astonished by the coloration that he remarked how it looked as if someone had dipped each one in enamel paint. And they were abundant, too—everywhere he looked he saw bright blotches of orange standing out against the black soil.6 In the years following Savage’s first visit, populations of the Golden Toad were monitored and remained healthy. But they never recovered from the 1987 crash. The last sighting was in 1989 and although there remains a glimmer of hope that a few individuals may remain hidden in the forest, the species is now presumed to be extinct.


The Golden Toad lends its name to the Golden Toad Laboratory for Conservation, a research and educational facility located just a few hundred meters from the entrance to the Monteverde Preserve. Facilities at the lab include a greenhouse with a central pond, a stream with waterfalls, and a sprinkler system for producing artificial rain. A sound system can even play rainforest sounds, such as frog calls and thunderstorms, to re-create the natural environment as closely as possible. The facility will soon undergo remodeling,7 but in the past, the greenhouse has been used to breed frogs and provide a stunning educational exhibit. The key thing about this human-made microcosm is that the climate can be carefully controlled—the temperature responds to the turning of a thermostat and the rains come at the push of a button. Accidentally getting a setting wrong would quickly result in a greenhouse full of dead frogs.


Nobody understands this fragile relationship between climate and amphibian survival better than resident scientist Alan Pounds. Years of experience studying Monteverde’s herps led Pounds and his colleagues at the lab to suspect that climate change may have had a hand to play in the disappearance of the Golden Toad. It took some years to amass supporting data, but by 1999 the researchers had crafted a strong argument supporting their suspicions.8


The argument revolves around a theory that Pounds terms the “lifting-cloud-base hypothesis.” The chain of thought behind this hypothesis is as follows: The Monteverde Cloud Forest receives its abundant moisture from water vapor blown inland off the Caribbean Sea. Once the moisture reaches the highlands, it condenses, forming the clouds that give the cloud forest its name and releasing heat that warms the atmosphere. As ocean temperatures have increased in recent decades, evaporation from the warm ocean surface also has increased, resulting in larger amounts of water vapor and, hence, heat, reaching the cloud forest. The expected result is atmospheric warming that is more pronounced than in other regions of the globe, meaning that Monteverde should be experiencing at least its fair share of global climate change.


Now, as we’ve already seen in Madagascar, warming in a mountainous region causes temperatures previously found at lower elevations to move uphill. Since the formation of clouds is linked with air temperature, a related consequence of warming is that the height at which clouds form will also move uphill. In Monteverde, clouds form as the trade winds flow upward and cool on meeting the slopes of the Cordillera de Tilarán, so it is reasonable to expect that these winds are now flowing higher up the cordillera before reaching the temperature at which condensation kicks in. The result should be a lifting of the forest’s clouds (hence the “lifting-cloud-base hypothesis”) and since mist from clouds provides life support for moisture-dependent amphibians, this could explain the disappearance of the Golden Toad.


That’s the theory, so Pounds and his lab colleagues set about finding and analyzing data that might support, or contradict, their hypothesis.


Here Pounds had some luck. One of the original Quaker settlers in Monteverde, John Campbell, had recorded daily rainfall at a site near the entrance to the forest preserve since the early 1970s. Such a set of records is like gold dust to a biologist interested in climate change. Because days without rainfall represent days without mist, the observed pattern of rainfall conveys information about the frequency of clouds in the forest.


Careful analysis of these records for the dry season (which runs from January to April) uncovered a clear trend exactly in keeping with the lifting-cloud-base hypothesis: it turned out that the number of days when the forest was doused in clouds had gradually decreased over the previous 25 years. Perhaps most importantly, the records also showed that days without mist had increasingly occurred one after the other, with back-to-back mist-free days resulting in dry periods lasting up to sixteen days. That is an awfully long time for a frog to go without moisture. Researchers at the Golden Toad Lab would never have dreamed of leaving the rains turned off in their greenhouse for so long.
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