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HREADING THE BOTTLENECK

he Half-Earth solution does not mean dividing the planet

into hemispheric halves or any other large pieces the size

‘.i\ of continents or nation-states. Nor does it require chang-
Fon ) ing ownership of any of the pieces, but instead only the stipulation
A

N that they be allowed to exist unharmed. It does, on the other hand,

mean setting aside the largest reserves possible for nature, hence for
the millions of other species still alive.

| The key to saving one-half of the planet is the ecological foot-
i print, defined as the amount of space required to meet all of the
‘\ needs of an average person. It comprises the land used for habita-

oo tion, fresh water, food production and delivery, personal transpor-

tation, communication, governance, other public functions, medical

footprint is scattered in pieces around the world, so are Earth’s

4 \ support, burial, and entertainment. In the same way the ecological
pieces range

.sur"i"ing wildlands on the land and in the sea. The
In size from the major desert and forest wildernesses to pockets of

i . i " 3 re; .
The vine Ronnowia domingensis. Pierre-Joseph Buc hoz, 1779: stored habitats as small as a few hectares.
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But, you may ask, doesn’t a rising POPUIatiQn .
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i Pect o any o ity
sure aimed at confining the Anthropocene; does }, Me

. . » byt N

human population continues growing as it ha in the Only i ghe
ast

the remainder of the twenty-first century ang on ingg th, thrqugh

second century. In this aspect of its biology, tweflty_

appears to have won a throw of the demograp

consumption doom the Half-Earth pro

ho“’ever

. ! uman‘
hic ity
e Ity Popyj,
ithoyy .
m, In eve P €s.
al

pendence, their average fertility has drOpped b

tion growth has begun to decelerate aUtOHOmously, w

sure one way or the other from law op Custo
' Ty Coung,.

where women have gained some degree of socij and Btargy ,
alinde.

e ' Y a Correspondi
amount through individual personal chojce, In Europe ang amop,
Continued ¢, hold
€I Woman Survjy.
Personal freeqop,
choose the Option
a small numbey of
selection, hedging

offs pring,

native-born Americans, it has already reached and
below the zero-growth threshold of 2. children p
ing to maturity. Given even a modest amount of
and an expectation of future security, women
of what ecologists call K-selection, that favoring
healthy well-prepared offspring, as opposed to r-
the bet with a larger number of poorly prepared
There won't be an immediate drop in the total

world population,
An overshoot stil] exists due to the longevity of

the more numer-
ous per-mother offspring of earlier, more fertile generations. There
also remain high-fertility countries, with an average of more than
three surviving children born to each woman, thus higher than the
21 children Per woman that yields zero population growth. They
include Patagonia, the Middle East, Pakistan, and Afghanistan,
Plus all of sub-Saharan Africa exclusive of South Africa. The shift
to lower fertility can happen during one or two generations. The

United Nations biennia] Teport on population in 2014 projected an
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on existing in 2014. That is a heavy

lated planet to bear, but unless
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e 0l

e tegy reproduction in favorable environments.
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. im more and more space, as you might at first suppose,
. IO det;'r}r:erileason lies in the evolution of the free market sys-
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products that win competition today, and will contin ! 'adver_
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produce more copies of themselves per urflt cosf in o
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are sharply raised by indoor vertical gardeng
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the size of the ecological footprint.
Io viewing the future this way, I wish to sy
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;inzz ::;2 [“ :ljdn;y fellow naturalists have identiﬁe: ls‘;i’ecbi()-
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and cameras that contin w offshore waters of Antarctica,
angle of | ! uously travel through the great coral tri-
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ea. With species identifications

and brief ex
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ich prevailed through the twentieth century
he increase of per-capita income by add-
and more undeveloped land.
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, is that generated by the i

s added to the improved design and
onic example of the transition is
on Moore, cofounder of Intel
] conservation): the cost
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ducts. The ic
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of existing e
for its inventor

a leading activist in globa
istors will fall because the
rea of computer MiCroprocessor will double
held between 2002 and 2012, with produc-

er dollar to twenty million per dollar,

of microchip trans
etched into 2 fixed a
every two years. The law
tion rising from 2.6 million p
before beginning to level off.

A closely linked consequence of ec
twenty-first century is the shift in worldvie
on quantity to wealth based on quality, with the latter made per-
manent through ecological realism. The central idea is to view the
to see Earth as it is and not as we

onomic evolution in the
w from wealth based

entire planet as an ecosystem,
wish it to be. Given that stability in the economy and in the envi-

ronment are closely linked, they both require striving for the qual-

ity of life through self-understanding as opposed to the conventional

acC i . 5
umulation of material wealth, based on the assumption that the

wealth can eventually be traded for quality of life.
pressed with reso-

's Royal Society.

nance j
) ce in People and the Planet, a report of Britain
S I .
ecommendations have been endorsed by the global network of

The ecological-realism worldview has been ex

natj i
1onal science academies.
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e m of researchers at the J. Craig Venter Institute in
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built live cells from the ground
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ple chemical reagents ©
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had been removed. The newly encoded ¢ fed
(& and

a natural cell.
The entity was given a seventeenth cengy,

muhiplied

like

an appropriately robotic surname, A, coplasam : :a:l'nized Name
Hamilton O. Smith, speaking for the resear C};y t‘:m'esJ(‘.‘V].syn o
with this synthetic entity, and with the — am, Wrote that.
designed to complete the project, “We now have g and tec), .
sect the genetic instruction set of a bacteria] cell toe

stand how it really works.” See an

In fact, the new technology is ready to do a great d

2014, a second team, led by Jef Boeke at Johns HOpk?:JS

sity, constructed a completely artificial chromos _—

mOI'e_ ln
Unjver_
i of a
This feat also represents an important advance B Yeast cg]]
. § are mor,
€

complex than bacterial cells in possessing organelles i,
as chrg.

mosomes and mitochondria.

The textbook example of elementary artificial selectiop £
past ten millennia is the transformation of teosinte, a species (f)" t'he
grass with three races in Mexico and Central America inmomw'lld
(corn). The food found in the ancestor was a meager pa::ket of hm;
kernels. Over centuries of selective breeding it was altered intoai’;s
modf:rn form. Today maize, after further selection and widespread
hy-bnfiization of inbred strains that display “hybrid vigor,” is the
principal food of hundreds of millions,

The first decade of the present century thus saw the beginning of
t.he hext new major phase of genetic modification beyond hybridiza-
'tlon: artificial selection and even direct substitution in single organ-
isms of one gene for another, If we use the trajectory of progress in
molecular biology during the previous half century as a historical

uide i . .
81de, It appears inevitable that scientists will begin routinely to
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Je variety from the ground up, then induce them to

. e va . .

o™ (hetic tissues, OTgans, and eventually entire inde-
. 0 s n

pultiP! anisms of co

t Of]
pdet to live lon

nsiderable complexity.
g and healthy lives in the sustainable Eden

nd our minds are to break free and dwell in the
a
sting universe of reason triumphant over supersti-

dvances in biology. The goal is practicable
ne uncompromising

of our dreams,
fyr MOTe intere
it will be through advances 7%
cientists, being scientists, live with o
becks®e” ss discovery to the limit. Hand the baton from one to
mandat:!i :;I:ecessar et the effort die. There has already
the next,

4 a term for the manufacture of organisms and parts of
emerg.: ms: synthetic biology. Its potential benefits, easily visualized
:i;:;adn;g tHrough medicine and agriculture, are limited only by
,'magination. Synthetic biology will also bring onto center stage the
microbe-based increase of food and energy.

The potential power of synthetic biology also lead

question: Can we create a human being? Some enthusiasts
f scientists succeeded, even

[iOn y

y, but never

s directly to a

vexing
believe that in time we ultimately can.
good part, we will have drawn close to the Feynman equa-

tion: to construct is to understand. But we will also be forced to

solve the ultimate problem of philosophy: What is the meaning of

if in just

humanity?
A note on history is appropriate at this point. A century ago arti-

ficial intelligence (Al) engineers and brain scientists began pursuit
of separate goals served by different technologies. The primary
purpose of artificial intelligence was and remains the creation of

devices that perform physical tasks beyond human capacity. Brain
science, in contrast, is more focused. Its central and ultimate goal

is whole brain emulation (WBE), the modeling and ultimately the
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construction of a human-grade mind. Today the ¢

converging, and in many ways they already ovel,

of artificial intelligence has proven essentia] 1o who Etechnology
Ole

tion, while activities observed in the living brajn on rain emy],
Omise ady
ances

Wwo
endeavurs -

in artificial intelligence.

The greatest challenge in whole brain emulation j ¢,
€ E)(plana~

ly 3gree thy,
base, -
» and thy -
mulation js g
the One befom
be sustaineq. it‘
present Century,
achievemeny, of

_ hed? It wi
achieved the construction of artificial self-aware e ﬂll have
» C eCtiVe’

tion of consciousness. Neurobiologists almost Universy]
it is a material phenomenon with a cellular physica]
it is part of what is called the neuronal workspace
ject to experimentation and mapping. Whole brain ¢
proceeding in baby steps, but each is longer than
If the current trajectory and pace of research cap
seems likely that WBE will be attained within the
Its culmination will rank as one of the greatest

all time. Exactly what will WBE have accomplis

emotional, eager to learn and grow.

Researchers drawn by this goal or key parts of it are unafraid
what they will find and what might become of it, The mostl X
cessful scientists are like prospectors exploring an unknown stuc'
ritory. What they mostly care about is making a strike—to be tehr '
first to find intellectual gold, silver, or oil, People want it, so lae
claim to it, let others worry about the consequences, Latenz in lifz
they become philosophers, and worry. Meanwhile, they are conf-
flent 'that humanity will ultimately be accompanie,d byyman-mildc
1ntell;gence that knows the meaning of intelligence and can be
.rans erred safely to mobile robots. On the other hand, the people
in the general public, influenced by Hollywood scriptwriters, are

apprehens; S Citis :
P ve. As citizens of still-violent cultures besotted with reli

198

THE BOTTLENECK
.ADING
THREF

erstition, even well-educated people are will-
5 and sup nything In Al and WBE they see a blueprint
¢ almost a0y It is casy to imagine human-grade robots
avatars (robotic human copies)

an creators, and human minds

peliev
to e Catastrophe.

4 and wreaking havoc,

volt against their hum
puters that are able (as “transhumans”) to

in mortal flesh and blood. It

mgr
for pO5°
ne bers€

ited i 7€
dowrlloaded into com|

inate those who choose to rema
d01m : the myths that they are often featured in technically excellent
helps

- nce-fiction films, for example 2001: A Space Odyssey (1968), Star
1€ o
5C ig77), The Terminator (1984), I, Robot (2004), Avatar (2009), and

Hrars ( . .
ot4), which are among the most entertaining of this

Transcendence (2
enre ever made, thanks to their epic dramas bolstered by brilliant
special effects.

The scientists are certain they know better. In any case, we are
on our way to moving the brain sciences to the center of biology and
the humanities. The magnitude of artificial intelligence is rising as
part of the overall exponential growth of machine computing. Mea-
sured in calculations performed per second per thousand dollars
of hardware, computer performance has increased since 1960 from
one ten-thousandth of a calculation per second (one every three
hours) to ten billion calculations per second. All of modern civiliza-
tion, in every country, both developed and developing, has joined
the digital revolution. The effect is not reversible. It will continue
to intensify relentlessly, and soon it will reach deeply into the lives
of everyone, An example is the impact on the longevity of occu-
pations. Carl Benedikt Frey and Michael A. Osborne, economist
and mathematician, respectively, at the University of Oxford, have
estimated that at least up to 2030, jobs will be relatively secure for

recreational therapists, athletic trainers, dentists, clergy, chemical
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engineers, firefighters, and editors, but a¢ high risk £
sk for

machinists, secretaries, real estate agents, ,
s CCOUnt

antg

»

and telemarketers. _
: ftor
Each passing year sees advances in artificia)
their multitudinous applications—advanceg that v,
thought distantly futuristic a decade earlier. RObOtOllld haye beey
surface of Mars. They travel around boulders ands ro]] Over the
slopes while photographing, Measuring minygjye 0;‘1 anq dow,
analyzing the chemical composition of soj and rockg tOPOgPaphy,
ing everything for signs of life. In 2014, SCH AET » and gopyes
robot, won the International DARPA Roboticg C;:

i .
nte] hgen(:e -
n

a Japanese_bu“t
3“enge by Nayj
I with 4 POWer.
OmOb“e al()n "

: Cgun to
correct themselves with repeated trials, Ope Prfgr learn and
ammed WJ'
th

gating doorways and debris, cutting a hole in 5 v
~ a
tool, connecting a fire hose, and driving a sma]] aut

twisted path. Advanced computers have recently b

the] I
p 0-

e Turj
(named after the pioneer computer theorist Alan Turin;)rlngh Test
When ;3

grammed to converse at the level of a boy passed th

third of a panel of experts speaking with it for five mi '
recognize it as a machine, R
In 1976, Kenneth 1. Appel and Wolfgang Haken revolutionized
part of mathematics by using ten billion calculations on an r:azl
computer to prove the classic four-color map theorem (proof thry
:J m;:re than four colors are needed to draw any two-difnension:lt
" :giti::n mtlo t.wo-dimensional countries or other pieces), where
ene analytic methods to that time had failed, They justified
abomsoul: rzi::;etr}:tf‘er;lar'k by I?instein that “God does not care
i atica dlf'ﬁcultles. He integrates empirically.” In
) ¢ something is countable, He prefers to count. In
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ife rstood, might the same be true of the hun-
et ult

s of the natural human brain?
digital revolution, innovators relied on

A1ion NE
4 billio" eriod of the
¥ hout reference to the human brain,

€ '
a the Cof computers wit
jest aeronautical engineers used mechanical prin-

design aircraft instead of imitating the flight

was required by simple ignorance. Neither

rechnologists nor brain scientists were advanced enough to
e
cal connections to living organisms. With the contem-

owth of both fields, analogies and even one-on-one
arisons of processes in natural versus man-made are multiply-
comp:

The alliance of computer technology and brain science has given
brain emulation as one of the ultimate goals of science.

ComPUtEr

make Practi

mry SW]T t gr

ing:
birth to whole
Do brain scientists know enough of the brain’s circuits and
processes to translate them into the algorithms of artificial intel-
ligence? The orientations of the two disciplines remain differ-
ent. Whereas artificial intelligence is substantially an engineering
enterprise, seeking solutions to problems, whole brain emulation
is focused on the central problem of brain and mind. The two are
nevertheless thoroughly intertwined. According to Daniel Eth and
his coworkers at Stanford University, it is realistic to conceive of
simulating a human brain in its entirety on a computer, including
its thoughts, feelings, memories, and skills. They identify four req-
uisite technologies: first scanning brain cellular architecture totally,
next translating the scan into a model, then running the model
on a computer, and finally simulating sensory input from the body
and the surrounding environment. All this, they and many others
believe, can be accomplished well before the end of this century.

F 1 < . B
or their part, “neuromorphic engineers,” researchers centered
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on computer development, foresee success ;
n dEVe]OPl-n

ers with characteristics that brains have and cq
m

g o

; : p

According to Karlheinz Meier of the Unjvemity U;ers stil]
o

three big problems must be solved to use this revey :
successfully. The first is that supercomputers CurreSe len ineerin'
emulate brains require millions of watts of power ::h trying Ny
brains use only about twenty watts. Another obstac’:]e ise:;: ltngy
at ¢,

puters cannot as yet tolerate even smalj] failureg The | .
' 08s of ;
Just

18 hang), .

; z : e
ousfy durmg experiences in the environment and th g Spontane_
the vag¢ Compley

ity of child development, but computers must follow the &
and branches of predetermined algorithms, xed Pathg

one transistor can wreck a microprocessor, whereas b,
S rai

constant loss of neurons. Finally, brains learn and ch
an,

In fact, the difficulties facing the architects of whole |,
Fain €my-

lation go much deeper than just the traditiona] obstacles i
in engineering design. The most obvious is that the hyp, lmplic.it
is not a product of engineering but of evolution, It i . an lbram
product, built from what was available at each intervalJ l;'?-ngged
evolution, fitted by natural selection to the envimnmentomfpast
moment. Across the 450 million years of vertebrate evolutic)0 o
further back into our invertebrate ancestry, the brain has e:(;lan:
ot 80 Tnuch as an organ of thOUght as an organ of survival, Fr:;
the llnegllnm'ng it was programmed to run the autonomic controls of
:slp):re?lon and heartbeat, along with the sensory and motor con-
0,
e o vl
ate stimuli (the “ o N was in these centers that appropri-
A :llin stimuli” of the ethologists) triggered inborn
atory acts”),
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il ths neural pathways of every part of
then mar31 Jlered by natural selection to adapt the
re rePeafte Y ent in which it lived. Step-by-step, from
e blf‘m » the enmrc.)ﬂm to the Cenozoic primates, the ancient
org;nlsc - amPhibla;’Sb Lewer Centers, chiefly in the growing

Pa e augmente Y Adaptation to a particular

center® w 1ded to learning ability. e
at @ lving repertories of reflex and instinct expanded
volvi

ility to changing environments. All other things
1

f organisms to function through seasons
edge in the constant

ment bye
ude adaptab
the ability ©
ent habitats gave them an

al,

differ
ve and reproduce.
then, that neurobiologists have found the human

y sprinkled with partially independent centers of
ons, along with all of the operators of rational
gh the cortex in what may look at first like
adquarters of process variously for num-
anings, reading, sounds, fears,

strllggle o s,
Little wonder,
rain to be densel

unconscious operau
thought. Located throu

random arrays are the he
bers, attention, face recognition, me
values, and error detection. Decisions tend to be made by the brute

force of unconscious choice in these centers prior to conscious com-
prehension. Decision, even for simple physical action, can proceed
without awareness. The process was anticipated clearly, and poeti-

cally, as far back as 1902 by Henri Poincare:

The subliminal self is in no way inferior to the conscious self;
it is not purely automatic; it is capable of discernment, it has
tact, delicacy; it knows better how to choose, to divine. What
doI'say? It knows better how to divine than the conscious self,
since it succeeds where that has failed. In a word, is not the

subliminal self superior to the conscious self?
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«on thereafter. Not only will the world population decline after-
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The reason is that we are thinking organisms trying to understand
how the world works. We will come awake.

Meanwhile, digital technologies have serendipitously made it
possible to complete the census of global biodiversity, and with it to
determine the status of each of the millions of species that compose
Earth’s fauna and flora. That process is already under way, albeit still
far too slowly—with the end in sight in the twenty-third century.
We and the rest of life with us are in the middle of a bottleneck
of rising population, shrinking resources, and disappearing species.
As its stewards we need to think of our species as being in a race
to save the living environment. The logical primary goal is to make
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WHAT MUST BE DONE

naworld gaining SO swiftly in biotechnology and rational capa-
pility, it is entirely reasonable to envision 2 global network <.)f
inviolable reserves that cover half the surface of Earth. But v::ll
People and their self-centered pohtlcal leaders share with others w at
s theirs to dispose? It is popular to say that the first rule of altruism
is never to expect anyone to do anything contrary to his personal
interest. Because of the way the brain has evolved, it is especially dif-
ficult to protect distant environments if people imagine even a small
amount of personal risk or sacrifice. True altruism, this logic contin-
ues, is limited to family, tribe, race, or nation, where our genes are
seen as indirectly rewarded by our individual devotion to others. God
is thought to favor the creation story of the believer’s religion over
those of all other religions. A patriot considers the moral precepts of
his society to be the best in the world. It is the national anthem, not
a hymn to human achievement, that is played for Olympic winners.
Even though self-rewarding behavior dominates human behavior,

it does not act alone. An instinct for true altruism exists. It enters

The Mexican box turtle Cistudo mexicana. Proceedings of
the Zoological Society of London, 1848—1860.
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been and will remain a biological species tied to this particular bio-
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We should forever bear in mind that the beautiful world our
species inherited took the biosphere 3.8 billion years to build. The
intricacy of its species we know only in part, and the way they
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