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CHAPTER 1

REVERSING EXTINCTION

A few years ago, a colleague of mine practically bit my head off for getting the 
end date of the Cretaceous period wrong by a little bit. I was pre-
senting an informal seminar about my research to graduate stu-
dents at my university, which at the time was Penn State. My 
seminar was about mammoths—in particular, about when, where, 
and why mammoths went extinct, or at least what we’ve learned 
about the mammoth extinction by extracting bits of mammoth 
DNA from frozen mammoth bones. Before talking about this 
very recent extinction, I opened with a discussion of older and 
more famous extinctions. My offending slide cited the date for 
the end of the Cretaceous period and beginning of the Paleo-
gene, also known as the K-Pg boundary and best known as the 
time of the extinction of the dinosaurs, at “around 65 million 
years ago.” That date, I was told, was inexcusably imprecise. The 
K-Pg boundary occurred 65.5 ± 0.3 million years ago (at least 
that was the scientific consensus of the time), and I was not to be 
forgiven those 200,000 to 800,000 years.

While I appreciate that my fellow academics would have pre-
ferred meticulous attention to detail, I did not bring up the dino-
saurs to discuss the precise timing of their demise. My goal was 
simply to make the point that while we think we now know why 
the dinosaurs went extinct so many millions of years ago, we still 
argue about what caused extinctions that took place within the 
last ten thousand years. Did the mammoths and other ice age 
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animals go extinct because Earth’s climate was suddenly too 
warm to support them? Or did our ancestors hunt them to death? 
The question remains open, perhaps because we are not particu-
larly comfortable with the answer.

The last dinosaurs went extinct after a massive asteroid struck 
just off the coast of Mexico’s Yucatan Peninsula. Similar cata-
clysmic events—major explosive volcanic eruptions or impacts of 
large asteroids or comets—are thought to have caused the other 
four mass extinctions in Earth’s history. Each time, dense clouds 
of dust and other debris were suddenly ejected into the atmo-
sphere, blocking out the sunlight. Without sunlight, the plants 
suffered and many species died. As the plant communities col-
lapsed, so did the animals that ate the plants, and then the ani-
mals that ate the animals that ate the plants, and so on up the 
food chain until somewhere between 50 percent and 90 percent 
of all species that were alive at the time of the catastrophic event 
became extinct.

The mammoth extinction is different. We know of no single 
catastrophic event that happened within the last 10,000 years 
that might have caused mammoths to go extinct. Recent genetic 
research shows that mammoth populations probably started to 
decline sometime during or just after the peak of the last ice age 
some 20,000 years ago, as the rich arctic grasslands—often called 
the steppe tundra—on which they relied for food were gradually 
replaced by modern arctic vegetation. Mammoths were extinct 
in continental North America and Asia by around 8,000 years 
ago but survived for another few thousand years in two isolated 
locations in the Bering Strait: the Pribilof Islands off the western 
coast of Alaska, where mammoths survived until around 5,000 
years ago, and Wrangel Island off the northeastern coast of Sibe-
ria, where they survived until around 3,700 years ago.

We know from the fossil record that mammoths, steppe bison, 
and wild horses dominated the Arctic landscape for a long time 
before the peak of the last ice age. In fact, they were the most 
abundant large mammals in the North American Arctic for most 
of the last 100,000 years. This was a very cold period of Earth’s 
history and included two ice ages—one that peaked at around 
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80,000 years ago and another that peaked around 20,000 years 
ago—separated by a long cold interval. It was only after the peak 
of the most recent ice age that the climate really began to warm 
up, transitioning into the present warm interval (the Holocene 
epoch) by around 12,000 years ago. Because mammoths, steppe 
bison, and wild horses disappeared only after the Holocene had 
begun, it is reasonable to conclude that these species may simply 
have been adapted to living in a cold climate. When the world 
warmed up, the cold-adapted went extinct.

While this explanation is attractively simple, it has some prob-
lems. Most importantly, while we know from the fossil record 
that woolly mammoths lived in North America throughout at 
least the last 200,000 years, that period does not include only 
very cold intervals. In fact, around 125,000 years ago, Earth was 
as warm as or warmer than it is today. This was the peak of what 
we call the last interglacial period, which lasted from around 
130,000 years ago until the beginning of the ice age around 
80,000 years ago. Remains of mammoths, steppe bison, and wild 
horses are found in the fossil record of the last interglacial, indi-
cating that they were able to survive despite the warmer climate. 
Their bones were, however, much less abundant during the inter-
glacial than they were during the later, cold interval. According 
to the fossil record from the interglacial, a different community 
of animals dominated the warm Arctic from that which domi-
nated when it was cold. The community of the interglacial period 
included giant sloths, camels, mastodons, and giant beavers: ani-
mals that were adapted to life in a warm climate.

If we look further back in time in the fossil record, a pattern 
begins to emerge. The Pleistocene epoch lasted from around 2.5 
million years ago until around 12,000 years ago, when the Holo-
cene epoch began. During the Pleistocene, our planet experi-
enced at least twenty major shifts between cold, glacial intervals 
(ice ages) and warmer interglacial intervals. Average tempera-
tures swung a whopping 5˚–7˚C with each climatic shift. Glaciers 
advanced or retreated, causing plants and animals to scramble 
(figuratively) to find suitable habitat. When the climate was cold, 
cold-adapted species were widespread. When it was warm, these 
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cold-adapted species survived in isolated patches of refugial hab-
itat, often at the edges of their former ranges. During the warm 
periods, warm-adapted species were widespread, and these 
warm-adapted species became restricted to warm refugia when it 
was cold. Range shifts were common during the Pleistocene, but 
extinctions were rare. And then, around 12,000 years ago, the cli-
mate swung from cold to warm, just as it had many times before. 
This time, however, cold-adapted fauna did not simply become 
less abundant. This time, many of them went extinct.

What was different about this most recent climate shift? The 
answer is not entirely clear. However, one potential explanation 
stands out: By the beginning of the Holocene, a new species had 
appeared on nearly every continent. This new species had a re-
markably big brain and a capacity to transform its habitat to suit 
its needs, rather than seek habitats to which it was best adapted. 
This species was also alarmingly destructive. Wherever it went, 
its arrival seemed to coincide with the extinction of other, mostly 
large-bodied species. This species was, of course, humans.

Was it our fault that mammoths and other ice age animals 
went extinct? Interestingly, there is strong evidence that climate, 
and not humans, may have triggered the declines toward extinc-
tion. Humans and mammoths lived together in the arctic regions 
of Europe and Asia for many thousands of years during the last 
of the Pleistocene ice ages. The archaeological record shows that 
humans did hunt mammoths during this time, but since mam-
moths survived until much later, this hunting pressure was clearly 
not sufficient to drive mammoths to extinction. In North Amer-
ica, there is even clearer evidence that climate is to blame for di-
minishing mammoth populations. Humans did not arrive in 
North America until well after the populations of mammoths, 
steppe bison, and wild horses had already begun to decline to-
ward extinction. Given this evidence, it is tempting to conclude 
that these extinctions were not our fault. After all, if we were not 
there, we could not have done it.

It is important, however, to understand the difference be-
tween declining populations and disappearing populations. Es-
timates of population size based on the fossil record or from ge-
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netic data can pinpoint when species began to decline from their 
ice age peaks but not when they actually went extinct. If we focus 
on disappearance rather than on decline, it is difficult to say with 
confidence that humans did not play a pivotal role in these ex-
tinctions. Populations of cold-adapted animals declined during 
every warm interval, not just during the most recent warm inter-
val. In the past, however, these populations survived by finding 
and hiding out in refugial habitats, biding their time until the 
next cold period got under way. They probably did exactly that 
when the present warm interval began. This behavior, however, 
may have made them more vulnerable to extinction once hu-
mans were in the picture.

Ultimately, mammoths, steppe bison, and wild horses proba-
bly went extinct because of a combination of climate change, 
human hunting, and the disappearance of the steppe tundra. 
Rapid warming after the last ice age led to a decline in crucial 
habitat. Fewer herbivores trampling and consuming the vegeta-
tion meant that nutrients recycled more slowly, reducing the pro-
ductivity of the ecosystem. To make matters worse, a new and 
intelligent predator appeared that was capable of zeroing in on 
any remaining ice-age habitat as ideal hunting grounds. Grow-
ing human populations and increasingly sophisticated human 
technologies further isolated these refugial populations from 
each other and from the resources they needed to survive. For 
some species, refugial populations may have held on well past 
the beginning of the Holocene. For example, our DNA work has 
shown that steppe bison survived in isolated patches in the far 
northern Rocky Mountains until as recently as one thousand 
years ago. As we learn more about the timing and pattern of 
these and other recent extinctions, there is little doubt that the 
role of humans will become increasingly clear.

THE  S IXTH  EXTINCTION

More than 3,700 years after the last mammoth died on Wrangel 
Island, we are witnessing an alarming number of contemporary 



6  Chapter 1

extinctions, and the rate of extinction appears to be increasing. 
Some scientists have gone so far as to refer to the Holocene ex-
tinctions as the Sixth Extinction, suggesting that the crisis in  
the present day has the potential to be as destructive to Earth’s 
biodiversity as the other five mass extinctions in our planet’s 
history.

The word alone—extinction—frightens and intimidates us. 
But why should it? Extinction is part of life. It is the natural con-
sequence of speciation and evolution. Species arise and then 
compete with each other for space and resources. Those that win 
survive. Those that lose go extinct. More than 99 percent of spe-
cies that have ever lived are now extinct. Indeed, our own spe-
cies’ dominance is possible only because the extinction of the 
dinosaurs made space for mammals to diversify, and eventually 
we outcompeted the Neandertals.

I think people are scared of extinction for three reasons. First, 
we fear missed opportunities. A species that is lost is gone for-
ever. What if that species harbored a cure for some terrible dis-
ease or was critically important in keeping our oceans clean? 
Once that species is gone, so is that opportunity. Second, we fear 
change. Extinction changes the world around us in ways that we 
both can and cannot anticipate. Every generation thinks of our 
version of the world as the authentic version of the world. Extinc-
tion makes it harder for us to recognize and feel grounded in the 
world we know. Third, we fear failure. We enjoy living in a rich 
and diverse world and feel an obligation, as the most powerful 
species that has ever lived on this planet, to protect this diversity 
from our own destructive tendencies. Yet we chop down forests 
and destroy habitats. We hunt and poach species even when we 
know they are perilously close to extinction. We build cities, 
highways, and dams and block migration routes between popu-
lations. We pollute the oceans, rivers, land, and air. We move 
around as fast as we can on airplanes, trains, and boats and intro-
duce foreign species into previously undisturbed habitats. We 
fail to live up to our obligation to protect or even coexist with the 
other species with which we share this planet. And when we stop 
to think about it, it makes us feel terrible.
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Extinction is much easier for us to swallow when it is clearly 
not our fault. Why did the mammoth go extinct? As humans, we 
want the answer to be something natural. Natural climate change, 
for example. We would prefer to learn that mammoths went ex-
tinct because they needed the grasslands of the steppe tundra to 
survive and that they simply starved to death as the steppe tun-
dra disappeared after the last ice age. We would prefer not to 
learn that mammoths went extinct because our ancestors greed-
ily harvested them for their meat, skins, and fur.

While some of us may not care about extinction as long as we 
are not personally affected, many of us find extinction unaccept-
able, particularly if it is our fault. Most contemporary extinctions 
are easy to ignore, as they have little influence on our day-to-day 
lives. The cumulative effect of these extinctions is, however, a fu-
ture of very reduced biodiversity. This future could be one in 
which so many changes have occurred to the terrestrial and ma-
rine ecosystems that we, ourselves, are suddenly vulnerable to 
extinction. It doesn’t get much more personal than that.

REVERSING EXTINCTION

It’s not completely surprising that the idea of de-extinction—that 
we might be able to bring species that have gone extinct back to 
life—has attracted so much attention. If extinction is not forever, 
then it lets us off the hook. If we can bring species that we have 
driven to extinction back to life, then we can right our wrongs 
before it is too late. We can have a second chance, clean up our 
act, and restore a healthy and diverse future, before it is too late 
to save our own species.

While it is still not possible to bring extinct species back to 
life, science is making progress in this direction. In 2009, a team 
of Spanish and French scientists announced that a clone of an 
extinct Pyrenean ibex, also known as a bucardo, was born in 
2003 to a mother who was a hybrid of a domestic goat and a dif-
ferent species of ibex. To clone the bucardo, the scientists used 
the same technology that had been used in 1996 to successfully 
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clone Dolly the sheep. That technology requires living cells, so in 
April 1999, ten months before her death, scientists captured the 
last living bucardo and took a small amount of tissue from her 
ear. They used this tissue to create bucardo embryos. Only one of 
208 embryos that were implanted into the surrogate mothers sur-
vived to be born. Unfortunately, the baby bucardo had major 
lung deformity and suffocated within minutes.

In 2013, Australian scientists announced that they successfully 
made embryos of an extinct frog—the Lazarus frog—by injecting 
nuclei from Lazarus frog cells that had been stored in a freezer 
for forty years into a donor cell from a different frog species. 
None of the Lazarus frog embryos survived for more than a few 
days, but genetic tests confirmed that these embryos did contain 
DNA from the extinct frog.

The Lazarus frog and bucardo projects are only two of the sev-
eral de-extinction projects that are under way today. These two 
projects involve using frozen material that was collected prior to 
extinction and, consequently, are among the most promising of 
the existing de-extinction projects. Other de-extinction projects, 
including mammoth and passenger pigeon de-extinction, face 
more daunting challenges, of which finding well-preserved mate-
rial is only one. These projects are proceeding nonetheless and, 
in the case of the mammoth, along several different trajectories. 
Akira Iritani of Japan’s Kinki University is trying to clone a mam-
moth using frozen cells and claims that he will do so by 2016. 
George Church at Harvard University’s Wyss Institute is work-
ing to bring the mammoth back by engineering mammoth genes 
into elephants. Sergey Zimov of the Russian Academy of Sci-
ence’s Northeast Science Station worries less about about how 
mammoths will be brought back than about what to do with 
them when it happens. He established Pleistocene Park near his 
home in Siberia and is preparing his park for the impending ar-
rival of resurrected mammoths.

Not all de-extinction projects take a species-centric view. 
George Church’s project is focusing on reviving mammoth-like 
traits in elephants, for example. While the goal of this project is 
to create an animal that is mammoth-like, its motivation is to re-
introduce elephants into the Arctic. Stewart Brand and Ryan 
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Phelan have taken an even more holistic view. Together, they cre-
ated a nonprofit organization called Revive & Restore, and are 
asking people to consider all the ways in which de-extinction and 
the technology behind it might change the world over the next 
few decades or centuries. In addition to initiating the passenger 
pigeon de-extinction project, Revive & Restore is driving several 
projects to revive living species that have dangerously low 
amounts of genetic diversity. With Oliver Ryder of San Diego’s 
Frozen Zoo, for example, Revive & Restore is isolating DNA 
from archived remains of black-footed ferrets, which are nearly 
extinct in the present day. They hope to identify genetic diversity 
that was present in black-footed ferrets prior to their recent de-
cline and, using de-extinction technologies, to engineer this lost 
diversity back into living populations.

In March 2013, Revive & Restore organized a TEDx event at 
National Geographic’s headquarters in Washington, DC, to 
focus on the science and ethics of de-extinction. This media event 
was the first attempt to address de-extinction at a more sophisti-
cated level than attention-grabbing headlines. When the event 
concluded, pubic opinion about de-extinction was mixed. Some 
people loved and others hated the idea that extinctions might be 
reversed. Fears were expressed about the uncertain environmen-
tal impacts of reintroduced resurrected species. Some ethicists 
argued that de-extinction is morally wrong; others insisted that it 
is morally wrong not to bring things back to life, if indeed it were 
possible to do so. Voices were also raised in opposition to the cost 
of de-extinction and whether the potential benefits justified this 
cost. What was lost in the noise of the ensuing public debates, 
however, was discussion of the current state of the science of de-
extinction: what is possible now, and what will ever be possible? 
And, perhaps more importantly, there was little conversation and 
certainly no consensus about what the goal of de-extinction 
should be. Should we focus on bringing species back to life or on 
resurrecting extinct ecosystems? Or should the focus be on pre-
serving or invigorating ecosystems in the present day? Also, and 
importantly, what constitutes a successful de-extinction?

In this book, I aim to separate the science of de-extinction 
from the science fiction of de-extinction. I will describe what we 
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can and cannot do today and how we might bridge the gap be-
tween the two. I will argue that the present focus on bringing 
back particular species—whether that means mammoths, dodos, 
passenger pigeons, or anything else—is misguided. In my mind, 
de-extinction has a place in our scientific future, but not as an 
antidote to extinctions that have already occurred. Extinct spe-
cies are gone forever. We will never bring something back that is 
100 percent identical—physiologically, genetically, and behavior-
ally identical—to a species that is no longer alive. We can, how-
ever, resurrect some of their extinct traits. By engineering these 
extinct traits into living organisms, we can help living species 
adapt to a changing environment. We can reestablish interac-
tions between species that were lost when one species went ex-
tinct. In doing so, we can revive and restore vulnerable ecosys-
tems. This—the resurrection of ecological interactions—is, in my 
mind, the real value of de-extinction technology.

A  SCIENTIFIC  V IEW OF  DE- EXTINCTION

I am a biologist. I teach classes and run a research laboratory at 
the University of California, Santa Cruz. My lab specializes in a 
field of biology called “ancient DNA.” We and other scientists 
working in this field develop tools to isolate DNA sequences 
from bones, teeth, hair, seeds, and other tissues of organisms that 
used to be alive and use these DNA sequences to study ancient 
populations and communities. The DNA that we extract from 
these remains is largely in terrible condition, which is not surpris-
ing given that it can be as old as 700,000 years.

During my career in ancient DNA, I have extracted and stud-
ied DNA from an assortment of extinct animals including dodos, 
giant bears, steppe bison, North American camels, and saber-
toothed cats. By extracting and piecing together the DNA se-
quences that make up these animals’ genomes, we can learn 
nearly everything about the evolutionary history of each indi-
vidual animal: how and when the species to which it belonged 
first evolved, how the population in which it lived fared as the 
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climate changed during the ice ages, and how the physical ap-
pearance and behaviors that defined it were shaped by the envi-
ronment in which it lived. I am fascinated and often amazed by 
what we can learn about the past simply by grinding up and ex-
tracting DNA from a piece of bone. However, regardless of how 
excited I feel about our latest results, the most common question 
I am asked about them is, “Does this mean that we can clone a 
mammoth?”

Always the mammoth.
The problem with this question is that it assumes that, because 

we can learn the DNA sequence of an extinct species, we can use 
that sequence to create an identical clone. Unfortunately, this is 
far from true. We will never create an identical clone of a mam-
moth. Cloning, as I will describe later, is a specific scientific tech-
nique that requires a preserved living cell, and this is something 
that, for mammoths, will never be found.

Fortunately, we don’t have to clone a mammoth to resurrect 
mammoth traits or behaviors, and it is in these other technolo-
gies that de-extinction research is progressing most rapidly. We 
could, for example, learn the DNA sequence that codes for 
mammoth-like hairiness and then change the genome sequence 
of a living elephant to make a hairier elephant. Resurrecting a 
mammoth trait is, of course, not the same thing as resurrecting a 
mammoth. It is, however, a step in that direction.

Scientists know much more today than was known even a de-
cade ago about how to sequence the genomes of extinct species, 
how to manipulate cells in laboratory settings, and how to engi-
neer the genomes of living species. The combination of these 
three technologies paves the way for the most likely scenario of 
de-extinction, or at least the first phase of de-extinction: the cre-
ation of a healthy, living individual.

First, we find a well-preserved bone from which we can se-
quence the complete genome of an extinct species, such as a 
woolly mammoth. Then, we study that genome sequence, com-
paring it to the genomes of living evolutionary relatives. The 
mammoth’s closest living relative is the Asian elephant, so that is 
where we will start. We identify differences between the elephant 
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genome sequence and the mammoth genome sequence, and we 
design experiments to tweak the elephant genome, changing a 
few of the DNA bases at a time, until the genome looks a lot 
more mammoth-like than elephant-like. Then, we take a cell that 
contains one of these tweaked, mammoth-like genomes and 
allow that cell to develop into an embryo. Finally, we implant 
this embryo into a female elephant, and, about two years later, an 
elephant mom gives birth to a baby mammoth.

The technology to do all of this is available today. But what 
would the end product of this experiment be? Is making an ele-
phant whose genome contains a few parts mammoth the same 
thing as making a mammoth? A mammoth is more than a simple 
string of As, Cs, Gs, and Ts—the letters that represent the nucleo-
tide bases that make up a DNA sequence. Today, we don’t fully 
understand the complexities of the transition from simply string-
ing those letters together in the correct order—the DNA sequence, 
or genotype—to making an organism that looks and acts like the 
living thing. Generating something that looks and acts like an ex-
tinct species will be a critical step toward successful de-extinction. 
It will, however, involve much more than merely finding a well-
preserved bone and using that bone to sequence a genome.

When I imagine a successful de-extinction, I don’t imagine an 
Asian elephant giving birth in captivity to a slightly hairier ele-
phant under the close scrutiny of veterinarians and excited (and 
quite possibly mad) scientists. I don’t imagine the spectacle of 
this exotic creature in a zoo enclosure, on display for the gawking 
eyes of children who’d doubtless prefer to see a T. rex or Archaeop-
teryx anyway. What I do imagine is the perfect arctic scene, where 
mammoth (or mammoth-like) families graze the steppe tundra, 
sharing the frozen landscape with herds of bison, horses, and 
reindeer—a landscape in which mammoths are free to roam, rut, 
and reproduce without the need of human intervention and 
without fear of re-extinction. This—building on the successful 
creation of one individual to produce and eventually release en-
tire populations into the wild—constitutes the second phase of 
de-extinction. In my mind, de-extinction cannot be successful 
without this second phase.
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The idyllic arctic scene described above might be in our fu-
ture. However, before a successful de-extinction can occur, sci-
ence has some catching up with the movies to do. We have yet to 
learn the full genome sequence of a mammoth, for example, and 
we are far from understanding precisely which bits of the mam-
moth genome sequence are important to make a mammoth look 
and act like a mammoth. This makes it hard to know where to 
begin and nearly impossible to guess how much work might be 
in store for us.

Another yet-to-be-solved problem is that some important dif-
ferences between species or individuals, such as when or for how 
long a particular gene is turned on during development or how 
much of a particular protein is made in the gut versus in the 
brain, are inherited epigenetically. That means that the instruc-
tions for these differences are not coded into the DNA sequence 
itself but are determined by the environment in which the animal 
lives. What if that environment is a captive breeding facility? 
Baby mammoths, like baby elephants, ate their mother’s feces to 
establish a microbial community capable of breaking down the 
food they consumed. Will it be necessary to reconstruct mam-
moth gut microbes? A baby mammoth will also need a place to 
live, a social group to teach it how to live, and, eventually, a large, 
open space where it can roam freely but also be safe from poach-
ing and other dangers. This will likely require a new form of in-
ternational cooperation and coordination. Many of these steps 
encroach on legal and ethical arenas that have yet to be fully and 
adequately defined, much less explored.

Despite this somewhat pessimistic outlook, my goal for this 
book is not to argue that de-extinction will not and should never 
happen. In fact, I’m nearly certain that someone will claim to 
have achieved de-extinction within the next several years. I will 
argue, however, for a high standard by which to accept this claim. 
Should de-extinction be declared a success if a single mammoth 
gene is inserted into a developing elephant embryo and that de-
veloping elephant survives to become an adult elephant? De-
extinction purists may say no, but I would want to know how 
inserting that mammoth DNA changed the elephant. Should de-
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extinction be declared a success if a somewhat hirsute elephant 
is born with a cold-temperature tolerance that exceeds that of 
every living elephant? What if that elephant not only looks more 
like a mammoth but is also capable of reproducing and sustain-
ing a population where mammoths once lived? While others will 
undoubtedly have different thresholds for declaring de-extinction 
a success than I do, I argue that this—the birth of an animal that 
is capable, thanks to resurrected mammoth DNA, of living where 
a mammoth once lived and acting, within that environment, like 
a mammoth would have acted—is a successful de-extinction, 
even if the genome of this animal is decidedly more elephant-like 
than mammoth-like.

MAKING DE- EXTINCTION HAPPEN

Many technical hurdles stand in the way of de-extinction. While 
science will eventually find a way over these hurdles, doing so 
will require significant investment in both time and capital. De-
extinction will be expensive. There will be important issues to 
consider about animal welfare and environmental ethics. As with 
any other research project, the cost to society of the research 
needs to be weighed against the gains to society of what might 
be learned or achieved.

If we brought back a mammoth and stuck it in a zoo, then we 
could study how mammoths are different from living elephants 
and possibly learn something about how animals evolve to be-
come adapted to cold climates. Some scientists who favor de-
extinction see this as a reasonable goal, and many nonscientists 
would be just as happy to see unextinct species in zoos as they 
would be to see them in safari parks or unmanaged wild habitat. 
But is bringing a mammoth back to life so that we can look at it 
and possibly study it enough of a societal gain to justify the costs 
of creating that mammoth?

If, like elephants, mammoths helped to maintain their own 
habitat, then bringing mammoths back to life and releasing them 
into the Arctic may transform the existing tundra into something 
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similar to the steppe tundra of the ice ages. This might create 
habitat for living and endangered Arctic species, such as wild 
horses and saiga antelopes, and other extinct megafauna that 
might be targets for de-extinction, such as short-faced bears. Is 
the possibility of revitalizing modern habitats in a way that ben-
efits living species enough to justify the expense? Of course, eco-
systems change and adapt over time, and there is no certainty 
that the modern tundra would convert back to the steppe tundra 
of the Pleistocene even with free-living populations of unextinct 
mammoths. Should uncertainty of success influence our analysis 
of the cost of de-extinction?

What if we identified a very recently extinct species that 
played a similarly important role in a present-day environment, 
and brought that species back to life? For example, kangaroo rats 
are native to the deserts of the American Southwest, but their 
populations have become increasingly fragmented over the last 
fifty years, and many subspecies are known to be extinct today. 
Kangaroo rats are so important to their ecosystem that their dis-
appearance can cause a desert plain to turn into arid grassland in 
less than a decade. The domino effects of kangaroo rat extinction 
include the disappearance of plants with small seeds and their 
replacement by plants with larger seeds (on which the kangaroo 
rat would have fed), in turn leading to a decline in seed-eating 
birds. The decrease in foraging and burrowing slows plant de-
composition and snowmelt, and the lack of burrows leaves many 
smaller animal and insect species without shelter. When the kan-
garoo rat goes extinct, the entire ecosystem is in danger of the 
same. If bringing the kangaroo rat back could save the entire 
ecosystem, would that be sufficient to justify the expense?

In the chapters that follow, I will walk through the steps of 
de-extinction. As I indicated earlier, de-extinction is likely to 
happen in two phases. The first phase includes everything up to 
the birth of a living organism, and the second will involve the 
production, rearing, release, and, ultimately, management of 
populations in the wild. For each step in the process, I will de-
scribe what we now know, what we need to know, what we are 
likely to know soon, and what’s likely to remain unknown. I will 
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discuss both the science and the ethical and legal considerations 
that are likely to be part of any de-extinction project. Although 
the book is organized as a how-to manual, de-extinction is not a 
strictly linear process, and not all steps will apply to every spe-
cies. Species from which living tissue was cryopreserved prior to 
their extinction may be clonable in the traditional sense, for ex-
ample, while other species will require additional steps to create 
a viable embryo.

As part of my professional relationship with Revive & Re-
store, I have been involved in research that focuses on two spe-
cies—mammoths and passenger pigeons—that are presently tar-
gets of de-extinction efforts. This will no doubt result in an 
animal-centric (really mammoth and pigeon-centric) view of the 
process. Still, many of the details will be broadly applicable 
across taxonomic lines. My hope is to present a realistic but not 
cynical view of the prospects for de-extinction, which I believe 
has the potential to be a powerful new tool in biodiversity 
conservation.



INDEX

Illustrations are indicated with bold face

Advanced Cell Technology, 137–38, 142
Agenbroad, Larry, 86
Allee effect, 180
amber, DNA preserved in, 45, 51–54, 56–

58, 60–61; laboratory process to collect, 
insert

ancient DNA: age and survival of, 65–
66; amber as source of, 45, 51–54, 56–
58, 60–61; applications of, 10–11, 54–56; 
authentication of, 56–57, 60, 62, 69–70; 
co-extraction of environmental DNA, 
42–43, 63–64, 70, 194; contamination 
with modern DNA, 56–63, 69, 194; 
degradation of, 60–61, 64–65; dino-
saurs as sources of, 61; environmental 
conditions and preservation of, 64–65, 
70–71; evolutionary processes revealed 
by, 10–11, 54–55; extraction of, 51–53, 
65–66, 70; fossils as source of, 61, 63–
70, 113–14; fragmentary nature of, 41–
42, 60–61, 96, 113–14, 194; genome se-
quencing and assembly of, 10–11, 
39–44, 56–58, 69–70, 111–15; preserva-
tion of, 54, 57, 64–66, 70–71, 83–84, 91; 
survival of authentic and very old, 
66–71

animal welfare, 14, 152–53, 170–71, 172, 
194–95

Anthony, Piers, ix–x, 211
Archer, Mike, 190
artificial wombs, 152–53, 195
aurochs, 100–105, 130–31
autopsies, mammoth, 83–84, 90–91

back-breeding, 100–108, 130–31, 185
bantengs, 137–38, 143
Barnes, Ian, 75, 98
base-pairs, 40–41
bears, 15, 26, 70, 167–68, 199
beavers: giant, 3; reintroduction to Great 

Britain, 200–201
behavior: as barrier to de-extinction, 31, 

47, 172–73, 199; captive rearing and, 31, 
47–48, 169–71, 176–79; captivity and, 
146, 168–72, 179, 181, 183; environment 
and, 10–11, 100 (See also captivity and 
under this heading); genetic engineering 
and, ix–x, 179; genetics and, 28, 100, 102, 
105, 136, 169, 178; as “hard-wired” in-
stinct, 47, 178; as learned from social 
groups, 47, 49, 172–73, 179; observation 
as motivation of de-extinction, 20; and 
vulnerability to extinction, 5

Belyaev, Dmitry, 170
ben-Aaron, Diana, 127–29
biodiversity: ancient DNA and, 55; de-

extinction and, 9, 16, 130, 163–64; ex-
tinction and, 5–7, 159–63; as motivation 
for de-extinction, xi, 16, 30–31, 130, 163–
64; rewilding and, 159–63, 188

biodiversity conservation, 16, 163–64, 193, 
203, 206

birds: California condor recovery project, 
115, 175–81, 207; as candidates for de-
extinction, 20–22, 50, 156; cloning and, 
153–59, 191; extinction and, 15, 34. See 
also chickens; moas; passenger pigeons



214  Index

bison: Bison latifrons, 71; hybridization and, 
28; in Pleistocene Park, 38–39, 164; re-
wilding and, 160; steppe bison, 2–5, 10, 
12, 28, 65, 68–69, 98

Bolson tortoises, 160–61
Brand, Stewart, 8–9, 48–50, 115, 184, 189–

90, 192–93, 203, 205–6
bucardos (Pyrenean ibex), 7–8, 48, 142–

47, 182, 196
Buigues, Bernard, 73–76, 84–85, 87, 90
Buigues, Sylvie, 75

California condors, 115, 175–81, 207
camels, 3, 10, 160–62, 161–62
candidate species for de-extinction: be-

havior as factor, 31, 47, 172–73, 199; bu-
cardo as, 142; Cascade Mountains wolf 
as, 26–27, 30; costs as factor, xi, 14, 31, 
48, 193, 196; dodo as, ix–x, 17, 22–24, 35, 
42, 64, 197; generation time as factor, 
50, 107, 177; habitat availability as factor, 
17, 18, 26, 35–39, 47–48, 160, 184–85, 
197–202; Lazarus frog as, 8; living, re-
lated species as factor, 11, 20, 30–31, 45, 
47, 147; mammoth as, ix–x, 11–14, 38–39, 
49, 71, 149–50, 151, 164–65; megafauna 
as, 24–25, 81–82, 160; moa as, 20–22, 31; 
passenger pigeon as, ix, 9, 16, 32–33, 37–
38, 49–50, 71, 115, 153, 178; recent extinc-
tion as factor, 15, 32, 142; Steller’s sea 
cow as, 46, 152, 194, 197; subspecies as, 
27–30; technology development as fact, 
39–47; Yangtze River dolphin as, 19–20, 
24, 199

captivity, 194; breeding in, 146, 169–72; 
captive rearing and behavior, 31, 47–48, 
169–71, 175–79; and psychological stress, 
169, 170, 172

Carbon-14, 66–67
Cascade Mountains wolf, 17, 26–27, 30
cattle, 28, 102–3, 107; cloning of, 143. See 

also aurochs
caves, DNA preserved in, 64–65, 70–71
CERPOLEX (CERcles POLaires EX-

pédition), 73–74
chestnut trees, American, 37, 205–6
chickens, 58–60, 156–58
chimeras, 157–58
Church, George, 8, 49, 115–17, 125, 130, 

133, 135, 140; joke, 164, 191, 196
climate: benefits of mammoth reintroduc-

tion to, 165; as important for DNA pres-
ervation, 57, 64–66, 70–71, 83–84. See also 
climate change; habitat

climate change: as cause of extinction, 
1–5, 7, 191; as driving adaptation, 14–15, 
205; as natural, 7

clones: banteng, 137–38, 143; bucardo, 7, 
142–43; congenital defects in, 8, 81, 142–
44; Dolly the sheep, 7–8, 44–45, 78–79, 
81; following de-extinction, regulation 
of, 187; guar, 137–38, 142–43; human, 
93–94; of pets as commercial service, 81; 
Promotea the horse, 81; Snuppy the 
dog, 81, 93–94

cloning: ancient DNA and, 11; birds, 144, 
153–56, 191; cell line generation and, 91–
93, 166; commercial applications of, 81, 
156; congenital defects as a result of, 8, 
81, 142–44; cross-species, 145; as de-
extinction technology, 8, 141, 149–51, 
166; germ cell transfer and, 154–58; of 
mammoths (announced or attempted), 
8, 85–89, 92–95; of mice from frozen 
cells, 91–92; by nuclear transfer, 7–8, 
44–46, 77–81, 78, 85, 88–89, 92–93, 127, 
143–45

cold: and preservation of DNA, 64, 68–71, 
69, 81–84, 95–96

cold tolerance: in elephants as require-
ment for engineering mammoths, 14, 
46, 49, 100, 108, 131–32, 163–64; 
mammoth-specific hemoglobin, 55, 107–
8, 123, 124, 131, 133; Ucp1 gene and, 46

condor, California. See California condors
conservation: de-extinction as tool for, xii, 

16, 163–64, 189–93; ecosystem manage-
ment and, 201–2; funding for, 48, 196–
98; genetic engineering to enhance liv-
ing species, 205–6; prioritizing living 
species, 195–97; public opinion toward, 
48, 197, 207; rewilding as tool for, 187–
88, 202

contamination of ancient DNA, 42–43, 
56–58, 60–63, 70

convergent evolution, 19–20
Cooper, Alan, 84
costs of de-extinction, ix, 9, 14–15, 48–49, 

193, 195–97; DNA sequencing as ex-
pense, 110, 113, 135; management of de-
extinct species, 48, 196; and species as 
candidates for, 31



Index   215

Creak, James, 126
Crichton, Michael, 56
CRISPR (clustered regularly interspaced 

short palindromic repeat) systems for 
genome engineering, 121–23, 123, 133–35

Crister, John, 150

Dalén, Love, 95–96
de-extinction, ix–xii; back-breeding as 

means of, 99–107; behavioral aspects of, 
ix–x, 11, 168–71; cloning technology and, 
141; and ecosystem restoration, 10, 12, 
130–31, 205; effect on human popula-
tion, 37–38; feasibility of, 25–26; in fic-
tion, ix, 9–10, 45, 56, 112–13, 126–29; 
funding of projects, 48, 85–86, 195–97; 
and habitat revitalization, 15; manage-
ment of resurrected species, 201–2; 
media and popular conceptions of, 125, 
190–91; politics of, 203 (See also regula-
tion under this heading); and public inter-
est in conservation, 197–98; of recently 
extinct species, 32; and reconstruction 
of ancient DNA, 111–13; regulation of 
resurrected species, 181–87; risks of, xi, 
188, 189, 201, 207; and species enhance-
ment, 206–7; time frame for, xi–xii, 116–
17, 125, 177; wild, self-sustaining popula-
tion as goal, 25, 47–48

de-extinction technologies: back-
breeding, 99–105; cloning, 11, 44–45, 77–
81, 145 (See also nuclear transfer under this 
heading); genome editing, 11, 45–46, 107–
8, 115–24; germ cell transfer, 79, 154–58, 
182; nuclear transfer, 77–81, 144–45, 147 
(See also cloning under this heading); syn-
thesizing genomes, 109–15

deforestation, as cause of extinction, 31–
35, 180, 197–98

Denisovans, 139
desiccation, and preservation of DNA, 65
development, embryonic and prenatal, 13, 

79–80, 151–53, 158; in birds, 153–55, 158. 
See also gestation

diet, 75, 137
dinosaurs, 1–2, 61, 128
disease: accidental de-extinction of, 193–

94; genome editing as medical therapy, 
120, 122

DNA: in cells, 62; degradation after death 
of organism, 77–78; extracting ancient, 

51–53; PCR (polymerase chain reaction) 
and amplification of, 58–61; repair, 119–
20; structure of, 40, 40–41. See also an-
cient DNA

DNA, preservation of: in amber, insert, 
45, 51–54, 56–58, 60–61; caves, 64–65, 
70–71; climate and, 57, 64–66, 70–71, 83–
84; desiccation and, 65; in mummies, 
65, 74, 83–84, 89–91; in permafrost, 64, 
68–71, 81–84, 95–96

DNA sequences: composition of, 12–13, 
39–41; synthetic, 109–11, 115–17, 120, 122, 
135. See also DNA sequencing

DNA sequencing: of ancient DNA, xi, 
10–11, 39–45, 53, 56–58, 69–70, 111–15; 
cost of, DNA sequences, 113, 135; tech-
nologies for, 58, 113–14, 135. See also ge-
nome sequencing and assembly

dodos, 22–24, 23, 35, 54, 61
dogs, 76; cloning, 81, 93–94, 144–45; mam-

moth eaten by, 89–90; selective breed-
ing and domestication of, 101–2

Dolgans (Siberian reindeer herders), 
96–98

Dolly the sheep, 8, 44–45, 78–81
domestication, 58, 170; selective breeding 

and, 100–102, 204
donkeys, 161–62
Donlan, Josh, 162–63, 188
double-clutching, 176
ducks, 157–58
dugongs, as surrogate hosts, 46, 152

ecological resurrection, as goal of de-
extinction, 10, 131, 187–88

ecosystems: adaptation to loss of species, 
30, 32, 36–39, 130, 201; ecological resur-
rection as goal of de-extinction, 10, 131, 
187–88; interactions among species, 201; 
invasive species and extinction, 34–35; 
living species as proxies for extinct spe-
cies in, 160–63; mammoth reintroduc-
tion and, 14–15, 164–65; reintroduction 
of animals to, xi, 27–30, 38, 191, 199–201, 
207; unpredictable impacts of de-
extinction on, xi, 9, 32, 36–37, 188

ecotourism, 17, 20
ectogenesis. See artificial wombs
egg cells, 79; elephants as egg donors, 

149–50; and nuclear transfer, 46, 78, 
147–48



216  Index

Ehrlich, Paul, 192–93, 205
elephants: captivity and, 171–72; cold-

tolerance and, 13–14, 46, 129, 163; as egg 
donors, 149–50; as endangered, 149–50; 
genetic engineering to recreate 
mammoth-like traits, 129, 207; genomics 
of, 132; introduction to North America, 
162; as living relatives of mammoths, 
11–12, 54, 111–13, 112, 132; as proxies for 
mammoths in ecosystem, 163–65; social 
behavior of, 180; as source of genetic 
material, 119; as surrogates for mam-
moths, 107, 150–51

endangered species: cloning of, 137–38; 
de-extinction as political threat to, 203; 
GMOs as, 185–87; limited genetic diver-
sity linked to low populations, 9

Endangered Species Act, 185–86
enucleation, 79
epigenome, 13, 136–39
ethics, scientific, xii, 115; cloning and, 93–

94; and de-extinction, 9, 13–16, 25, 203 
(See also risks of de-extinction). See also 
animal welfare

euchromatin, 114
Extinct DNA Study Group (UC Berke-

ley), 55–56
extinction: causes of (See extinction, 

causes of); contemporary age of, 5–7; 
mass extinction events, 1–2, 6; reversal 
of (See de-extinction); trophic cascade 
and, 130

extinction, causes of: cataclysmic events, 
2–3; climate change, 1–5, 7, 191; habitat 
destruction, 34–35, 180; humans or 
human activity, 4–5, 7, 22–24, 26, 32–36, 
142; introduction of predators, para-
sites, and competitors, 34–36; overex-
ploitation, 4–5, 22, 33–34, 36, 142, 180, 
185, 197–98

fear: of de-extinction, xi, 127, 193–204; of 
extinction as concept, xi, 6

Fernández-Arias, Alberto, 143–44
first phase of de-extinction, 11, 15, 116–17, 

166
fish, 157
Fisher, Dan, 75, 90–91, 96
fossils: dating, 66–68; as DNA sources, 

63–70, 113–14 (See also amber, DNA pre-
served in)

Fox, David, 75
foxes, 27, 170
Froese, Duane, 69
frogs, 8, 53, 80–81, 112–13, 190–91, 200
Frozen Zoo, San Diego, 9
Fulton, Tara, 51–52
funding for de-extinction projects, 195–97

gametes, 79. See also egg cells; sperm cells
generation time: and candidacy for de-

extinction, 50, 107
genes: interaction of, 106
genetically modified organisms (GMOs): 

as endangered species, 185–87; genome 
editing and, 120, 182–83; regulation of, 
181–87

genetic diversity: and adaptive potential, 
167–68; of ancient populations, 66; as 
consequence of cloning, lack of, 166–
68; in de-extinct species, 166–68, 185; 
genomic editing and, 166–68

genetic engineering: and adaptation to 
changing environment, ix–x, 10; of 
chickens, 156–58; and conservation of 
threatened species, 205–7; costs of, 110–
11; and creating synthetic life, 109–11; 
and creation of genetically diverse pop-
ulations, 166–68; as de-extinction tech-
nology, 8, 30, 141; of elephants, 165, 177; 
and restoration of genetic diversity 
within a species, 9; selective breeding 
as, 100–105, 204; technologies for (See 
primordial germ cell transfer; somatic 
cell nuclear transfer). See also cloning; 
genome editing

genome editing, 115–21; CRISPR/Cas9 
technology, 121–24, 133–34; as de-
extinction technology, 45–46; genetic 
diversity and, 166–68; and mammoth 
de-extinction, 45–46, 124, 128, 129, 133, 
138, 147–48, 152; medical applications 
of, 120, 122; “molecular” scissors and, 
118–21; primordial germ cells and, 154–
55, 182; and resurrection of traits, 163–
64; selecting gene targets for, 45, 117–19, 
131–36, 138–39, 152; somatic cell nuclear 
transfer and, 129; stem cells and, 123–
24; successful applications of, 120; tech-
nology for, 118–21

genome engineering. See genome editing
genomes: components of, 114; of extinct 



Index   217

organisms and species, 10–11, 13, 30–31, 
39–44, 70–71, 111–15; synthetic, 109–11, 
113. See also genome sequencing and 
assembly

genome sequencing and assembly: of an-
cient organisms, 39–45, 66; costs of, 110, 
113, 135, 196; of horse, ancient, 66; of 
human, 114, 138; and identification of 
genes for editing, 138–39; of mammoth, 
13, 63, 111–13, 117–18, 132–33, 138; of pas-
senger pigeon, 50, 117, 196; process of, 
41–44; technologies for, 41, 109–15. See 
also DNA sequencing

germ cells, 79
germ cell transfer. See primordial germ cell 

transfer
gestation, 49; in artificial wombs, 152–53, 

195; and de-extinction of mammoths, 
49, 107, 151; environmental factors and, 
137–38. See also development, embryonic 
and prenatal; surrogacy

Ghorokov, Vasily, 87
glaciations, 2–7, 167–68
GMOs. See genetically modified organ-

isms (GMOs)
golden toads, 31–32
gold mining, 68–69; and exposure of re-

mains, insert
Göring, Hermann, 102
Goto, Kazufumi, 86–87
Greely, Hank, 115, 192
Gregoriev, Semyon, 94, 96
guars, 142–43
guilt, as motive for de-extinction, 26
Gurdon, John, 80–81

habitat: destruction as cause of extinc-
tion, 34–35, 180; as requirement for de-
extinction, 20, 24, 25, 35–36, 39, 180, 
198–99; and selection of species for de-
extinction, 36; suitability for reintro-
duction and, 39, 163. See also climate

hair as DNA source, 86
Heck, Heinz and Lutz, 102–3
Heck cattle, 102–3
Hedges, Blair, 51–52
hemoglobin, mammoth-specific, 107–8, 

123, 124, 131
heterochromatin, 114–15
hominins, 70, 139
homologous recombination, 120

horses, 2–5, 106, 161–62; ancient DNA ex-
tracted and sequenced, 66–70; clones, 
81; evolution and local extinctions of, 55

human-caused extinction, 4–5, 7, 22–24, 
32–36, 142; and guilt as motive for de-
extinction, 26

humans: extinction caused by (See 
human-caused extinction); as lacking in 
genetic diversity, 168; and manipulation 
of nature, 204; sequencing of human 
genome, 114, 138

hunting: as motive for de-extinction, 102; 
overexploitation as cause of extinction, 
4–5, 22, 33–34, 36, 142, 180, 185, 197–98; 
restrictions on, 37–38; resurrected mam-
moths, 187

Hwang Insung, 94–95
Hwang Woo-Suk, 81, 93–94
hybrids: brown bear–polar bear, 28–29; 

dog-wolf-coyote, 28; Florida panther–
Texas panther, 167; genomic challenges 
of, 148; human–Neandertal, 28; ibex-
goat, 7, 145–47; mammoth-elephant, 
86–87, 126, 129–30; as result of de-
extinction, xi, 22, 86–87, 147; and steril-
ity, 127–28

hymen, of elephants, 150–51

ice ages. See glaciations
ice caves, 85, 88, 98
induced pluripotent stem cells (iPSCs), 

80–81
invasive species, 171, 198, 199, 202; de-

extinct species as, 181–82; and extinc-
tions, 34–35

Iritani, Akira, 8, 86–89, 92–93
island restoration projects, 202–3

J. Craig Venter Institute, 109–11
Jarkov family, 85–86, 96–97
Jarkov mammoth, 85–86, 96–98
Jurassic Park (movie), 45, 56, 112–13

kangaroo rats, 15, 26, 49, 197
Kato, Hiromi, 87–88
Kerkdijk-Otten, Henri, 100–101
keystone species, 26, 30
Khatanga research base, Krasnoyarski 

Krai district, Siberia, 73–76, 85
Khundi, Yuri, and sons, 89
Klondike gold fields, Yukon, 68–69



218  Index

lactic acid and mummification, 90–91
Lanza, Robert, 137–38
Lazarev, Petr, 86, 87–88
Lazarus frog de-extinction project, 8, 190
Leitch, George, 22
Linnaeus, Carl, 29
Long Now Foundation, 115
Lyuba mammoth, 89–91

Malolyakovsky Island, 96
mammontelephases, 126–29
Mammoth Creation Project, 86–87
Mammoth Museum, Yakutsk, 86
mammoths: as candidates for de-

extinction, ix–x, 11–14, 38–39, 49, 71, 
149–50, 151, 164–65; cold-tolerance of, 
107–8, 123; ecological reasons for de-
extinction of, 49, 164–65; elephants as 
evolutionary relatives, 11–12, 54, 111–13, 
112, 132; elephants as surrogates for, 49, 
150–51; genome sequence of, 111–13, 135–
36; recreation of habitat for, 38–39

Mammuthus (organization), 73–74
Martha, the last known passenger pigeon, 

insert
Mauritian giant tortoise, 202–3
Mayr, Ernst, 28
McGrew, Michael, 158, 191
media, and de-extinction, 125–29, 189–91
megafauna: as candidate species for de-

extinction, 24–25, 81–82, 160; and inter-
est in conservation, 197; proxies for ex-
tinct, 187–88; role within ecosystem, 
165, 195

microbiome, de-extinction of, 13
mitochondrial DNA, 61–62, 62, 71, 86, 

111–12, 147–48
moas: as candidate species for de-

extinction, 20–22, 24, 31, 158, 182; as ge-
netically modified species, 182; recovery 
of ancient DNA from, 54–55, 64; skele-
ton reconstruction, 21; taxonomy of, 31, 
54–55

Monbiot, George, 195
motivations for de-extinction, 17–18, 20, 

48–50
Mullis, Kary, 58
mummies: DNA preservation in, 65, 74, 

83–84, 89–91; the search for, 84–86, 91, 
94–98. See also Jarkov mammoth; Lyuba 
mammoth; Yukagir mammoth

mutations, 120, 123
Mycoplasma mycoides JCVI-syn1.0, 109–10
mythology, mammoths in, 83, 89

National Geographic, 94
Neandertals, 6, 28–29, 42–44, 54, 70, 139
Nenets (Siberian reindeer herders), 89
Nicobar pigeons, 54
noncoding (“junk”) DNA, 45, 134–35
non-homologous end joining, 120
Novak, Ben, 172–73, 190, 196
nuclear genome, 62
nuclear transfer: as de-extinction technol-

ogy, 144–45, 147; success rates, 127, 143, 
167

Orlando, Ludovic, 70, 139
overexploitation, as cause of extinction, 

4–5, 22, 33–34, 36, 142, 180, 185, 197–98
Owen, Sir Richard: with moa skeleton, 21

Pääbo, Svante, 42–43
Pasha the dog, 76
passenger pigeons: and Allee effect, 180; 

as candidates for de-extinction, ix, 9, 16, 
32–33, 37–38, 49–50, 71, 115, 153, 178; 
ecology of, 37–38, 172, 180; engineering 
using band-tailed pigeon, 155, 177–78, 
205; extinction of, 32–33; flock of mi-
grating, 33; homing pigeons as surro-
gate flocks for, 172–73; leg bones of, in-
sert; Martha, the last known, insert; 
rewilding and regulation of, 182–87; se-
quencing the genome of, 50, 117, 196

pathogens: CRISPR technology and, 
121–22; de-extinction and risk from, 
193–94; genomic editing of, 121–22; re-
covery of from ancient remains, 43

PCR (polymerase chain reaction), 58–61, 
59

Pennsylvania Sate University, 1, 70
permafrost: carbon sequestration and, 

165; preservation of DNA and remains 
in, 64, 68–71, 81–84, 95–96

phases of de-extinction: first phase, 11, 15, 
116–17, 166; second phase, 12, 15, 166, 
168–69, 191

Phelan, Ryan, 8–9, 49–50, 115, 184, 189–
90, 205–6

phenotype, 13, 100, 104, 106, 124, 136; and 
epigenetics, 136–40



Index   219

placer mining, 68–69, 77
Pleistocene Park, insert, 8, 38–39, 86, 

164–65, 177, 187, 207
polar bears, 28–29, 167–68
population: Allee effect and stability of, 

180; defined, 28–30; as defined by the 
Endangered Species Act, 185–87; ge-
netic diversity within, 100, 104, 138–39; 
reconstructing the evolutionary history 
of, 10–11, 55, 66; sustainability and size 
of, 166–69, 179–80, 198

predators: de-extinction of, 199; ecosys-
tem restoration and introduction of, 
162–63; ecosystem role of, 26–27

prenatal development. See development, 
embryonic and prenatal

preservation of DNA. See DNA, preserva-
tion of

Pribilof Islands, 2
primordial germ cell transfer, 79, 154–58, 

182
protection. See regulation
public opinion, 9, 127–30, 162–63, 203; 

about environmental conservation, 197, 
207; about genetically modified organ-
isms, 181–87; about reintroduced spe-
cies, 200; about rewilding, 162–63, 187–
88; appeal as criterion for selection of 
de-extinction candidates, 49–50, 197; 
fear of de-extinction, 204; media and, 
189–92

pygmy mammoths, 152

quaggas, 54

radiocarbon dating, 66–67
recombination, 104; homologous, 120; 

sexual reproduction and, 104
re-extinction, x, 12; accidental, 172–73, 179; 

as method to correct errors, 199–200
regulation: of GMOs, 181–87; and protec-

tion of de-extinct species, 22, 38, 184–
87; and protection of endangered spe-
cies, 36, 184–87, 185; of reintroduced 
species, 162, 181–86, 200–201

reintroduction: of captive-bred animals, 
176–81; challenges of, 37–38, 47–48, 173, 
178–79, 181; cost of, 196–97; of de-extinct 
animals, 12, 47–48, 130–31, 166–69, 195–
97; and environmental impact, 20, 27, 
36–37, 199–201; as goal of de-extinction, 

12, 130–31; and regulation post-release, 
162, 181–86, 200–201; of wolves, 27–28. 
See also rewilding

reproduction, sexual: and captive breed-
ing, 169–72; and homologous recombi-
nation, 120; rearing offspring, 168–69; 
selective breeding, 100–105, 170; sterility 
of hybrids, 127–28; surrogacy and, 31, 
46–47

retro-breeding. See back-breeding
Revive & Restore, 8–9, 48–49, 115, 123, 

184, 196
rewilding: as conservation tool, 187–88, 

202; of Europe, plan for, 131, 195; of 
feral horses in the Americas, 55; of 
North America, plan for, 159–63; public 
opinion about, 162–63, 187–88. See also 
reintroduction

rhinos, woolly, 177
risks of de-extinction, xi, 188, 189, 201, 207
Roslin Institute, 44–45, 78–79, 81, 156, 158
Rountrey, Adam, 75
Ryder, Oliver, 9

Savage, Jay, 31–32
science fiction and de-extinction, ix–x
sea turtles, 178–79
second phase of de-extinction, 12, 15, 166, 

168–69, 191
selective breeding, 170; and back-

breeding, 100–107; and domestication, 
101–2, 204; as genetic engineering, 204; 
and length of gestation period, 107

sequencing DNA. See DNA sequencing
Siberia: fossil hunting in, insert
Sixth Extinction, 5–6, 5–7
skin, as source of DNA, 94–95
Snyder, Noel, 115
somatic cell nuclear transfer, 45, 77–81, 78, 

143–45, 147–48; genome editing/engi-
neering and, 129. See also nuclear 
transfer

somatic cells, 79; and development of cell 
lines, 92; reprogramming and, 145. See 
also somatic cell nuclear transfer

Sooam Biotech Research Foundation, 
94–95

South Korea, 93
Spanish ibex, insert. See also bucardos 

(Pyrenean ibex)
species, concept, 19, 28–30



220  Index

species confusion, 179
sperm cells, 79; viability of frozen, 86–87
Steller’s sea cows, 33–34, 34, 46, 197
stem cells, 79–81, 89, 94, 145; and genome 

editing, 123–24; medical applications 
of, 80, 94

steppe bison, 2–5, 12, 28, 68–69
Stiller, Mathias, 51–53
subspecies: as candidates for de-

extinction, 27–30; geographic barriers 
and emergence of, 29–30

surrogacy, 31, 46, 78–79, 81, 151–52; ele-
phants as hosts, 49, 150–51; evolutionary 
distance as factor, 147; size differences 
as factor, 46, 151–52

Suzuki, Naoki, 88, 90
Sweeny, Mike, 192
synthetic life, 110–11

Tasmanian tigers, 17, 48
taxonomic system, 29
TEDx De-Extinction, 9, 48–49, 172–73, 

189–91
Temple, Stanley, 191
tephrochronology, 67–69
Thismia americana, 17
thyroid-stimulation hormone receptor 

(TSHR), 58–60
Tikhonov, Alexei, 87, 90
tortoises, 160–61, 178–79, 202–3
traits: back-breeding for specific, 102–5; 

gene expression and multiple, 105–6
transcription activator-like effector nucle-

ases (TALENs), 118–21, 119
transcription factors, 80–81
trophic cascade, 130

TSHR gene, 59–60
Turvey, Sam, 19
tusks, mammoth, 75, 87, 90, 95

ultraviolet light, DNA damage and, 64
University of California, Santa Cruz, 

17–18

Vasiliev, Vasily, 93
Venter, J. Craig, 109–11
viruses, resurrection of, 193–94

Wakayama, Teruhiko, 91–93
welfare, animal. See animal welfare
Wilson, Allan, 55–56
wolves, 26–27, 29–30, 101–2, 198, 207
World Expo, Aichi, Japan, 88
Wrangel Island, 2, 99
Wyss Institute, 8, 49, 115, 122

Yakutsk, 86, 87, 88, 95
Yamanaka, Shinya, 80–81
Yangtze River dolphin, 17, 18–20, 24, 35, 

199
Yasmilov, Sverbighooze, 126
Yellowstone National Park, 27, 198, 207
Yoshizaki, Goto, 157
Yukagir mammoth, 87–89, 92–93; ice cave 

storage for, insert

Zimmer, Carl, 189
Zimov, Sergey, 8, 38–39, 86, 164–65, 187
zinc finger nucleases (ZFNs), 118–21, 119
zoos, 14; captivity and psychological 

stress, 169, 170, 172; Frozen Zoo, San 
Diego, 9; reproduction in, 169




