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Figure 1-1: Curiosity looking for signs of life on Mars.



1. Fire
The ancient Greeks, who had an answer to most things, believed that Pro-
metheus brought down fire from heaven—and got himself into much trouble 
with Zeus for doing so. “From bright fire,” says Aeschylus in Prometheus 
Vinctus, “they will learn many arts.” 

A. J. Wilson, The Living Rock (1994)

As I write, a small mobile robot named Curiosity is search-
ing the sands of another planet, Mars, for signs of life. As it explores 

the Martian surface, a tiny automated laboratory analyzes the Martian 
soils for organic chemicals and water. Powered by a solar battery, the 
robot will be able to function for several years without any assistance 
from its creators, who are millions of miles away busily decoding and 
analyzing the cryptic messages it beams back to Earth. 

Curiosity is just one of a universe of current technological marvels. 
The wonders of twenty-first century technology amaze. A mere 200 
generations since the first metal tool was manufactured, technology has 
reached the stage when its accomplishments increasingly resemble what 
would have seemed to our ancestors a form of magic. 

The dramatic technological advances over the past 100 years have 
provided extraordinary devices that have enabled human beings to gain 
enormous knowledge of the natural world—from the structure of the 
cosmos to the structure of DNA—more than in all previous centuries. 
Using light and radio telescopes, we have peered at distant galaxies, bil-
lions of light years from Earth. We have looked back to the beginning of 
time, to the fireball in which our universe was born. We have estimated 
the age of the universe and determined its dimension. We have detected 
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other earths orbiting distant stars and estimated the number in our gal-
axy alone to be in the order of tens of billions!1 We have discovered how 
atoms are synthesized in the stars. 

The technological wonders of our current civilization—and the deep 
scientific insights they have provided into the fundamental nature of 
reality—were not gained easily. They grew out of a long series of tech-
nological discoveries and advances that, over several thousand years, 
led our species from a primitive Stone Age technology to the magic of 
twenty-first century nano-technology—from making a stone chisel to 
making a Boeing 787. 

Of all the discoveries made in the course of mankind’s long march to 
civilization, there was one primal discovery that made the realization of 
all this possible. It’s a discovery we use every day and take completely for 
granted. But this discovery changed everything. 

Humankind discovered how to make and tame fire. 
Darwin rightly saw it as “Probably the greatest [discovery], excepting 

language, ever made by man.”2

Fire and Metals
This primal discovery of fire opened a long path toward modern tech-
nology. The ability to tame fire led to the invention of the art of cooking 
and to the discovery that fire hardens lumps of clay into hard stone or 
pottery, which can be molded into containers for storing food. This initi-
ated the development of mankind’s first industry—ceramics, which was 
well established in many parts of the world before 10,000 BC.3 

The mastery of fire also led to the discovery and manufacture of char-
coal, produced by burning or “cooking wood” in an oxygen-depleted en-
vironment (a technique used by cave artists as early as 30,000 BC4), and 
to the discovery that burning charcoal generates far greater heat that an 
ordinary wood fire.5 This in turn led to the use of charcoal to generate 
high temperature inside kilns for the manufacture of baked and glazed 
pottery, using bellows to give a forced draft to raise the temperature in-
side the kiln.6 
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Perhaps it was the chance heating of a metal ore in a particularly 
hot campfire and the subsequent discovery of globules of metal the next 
morning upon “raking through the ashes”7 which first led to the discov-
ery of metallurgy. Or perhaps, as other authors have argued, the discov-
ery that metals could be extracted from their ores was discovered in a 
pottery kiln, where the charcoal-fueled fire would have generated tem-
peratures hot enough to smelt metallic ores.8 As Arthur Wilson com-
ments in his Living Rock, “Adapting… [the process of glazing pottery in 
a kiln using charcoal as a fuel], copper ores could thus have been reduced 
to obtain metal.”9 

Figure 1-2: Pottery was one of the early results of harnessing fire.

Although no one knows exactly what sequence of events led to the 
beginnings of metallurgy,10 there is little doubt that it was another mo-
mentous discovery, second only to the discovery and mastery of fire it-
self. As Arthur Wilson comments: “In whatever manner the secret of 
metallurgy was unraveled—and we shall never know precisely—it was a 
momentous step along the road to civilization… man, though still stum-
bling, entered the Age of Metals and opened up undreamed of possibili-
ties for his future.”11

Copper was one of the first of the metals to be widely used and there 
is evidence that mankind mastered the smelting of copper as early as 
7,000 years ago.12 The subsequent extraction of copper from copper-
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bearing ores and its mixture with tin to make bronze was independently 
discovered by cultures in both the old and new worlds13 and ushered in 
the  Bronze Age in the ancient Near East about 3500 BC.14 

Copper smelting requires temperatures between 1,150° and 1,250° 
C,15 but the smelting of iron requires even higher temperatures,16 more 
reducing conditions,17 and a “greater blast of air.”18 Th is required more 
advanced kilns and more sophisticated techniques.19 Iron smelting was 
only mastered later, around 1200 BC,20 providing mankind access to the 
most useful and important of all metals, iron, thus initiating the  Iron 
Age. 21

Figure 1-3:  A copper smelter in early twentieth-century America.

Th is was a landmark advance. Because of the ready availability of 
iron ores throughout the world and the great utility of iron and its alloys 
(including steel) for the manufacture of all manner of strong and durable 
tools, from ploughshares to needles, the use of metal tools and knowl-
edge of iron metallurgy spread throughout the old world. Th e impor-
tance of metals, particularly iron, and the importance of the discovery of 
metallurgy can hardly be exaggerated. 

Of course, metallurgy was only one of a host of fi re-assisted technolo-
gies which followed the mastery of fi re, for as Stephen  Pyne comments 
in his  Vestal Fire: 
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In fact almost no device or pursuit has lacked an element of com-
bustion technology… Fire distilled seawater into salt, wood into 
tar, resin into pitch and turpentine, grain and grape into alcohol; it 
transformed wood into ash and then into soap, and cooked calcitic 
rock into lime. Plaster and cement, in turn, encouraged new con-
struction.22

But while ceramics, glassmaking, chemistry, and the host of other 
fire-enabled technologies were all of great importance in drawing man 
from the Paleolithic to the twenty-first century, the birth of metallurgy 
overshadows all others in importance. 

Figure 1-4: A few of the marvels ultimately produced because of our mastery 
of fire: microscopes, computers, planes, and trains.

The mastery of fire and the subsequent development of metallurgy 
and our ability to make and shape complex metal artifacts prepared the 
stage for the coming of the industrial revolution and the invention over 
the past five centuries of all manner of complex artifacts and machines, 
from telescopes and microscopes to the building of the first artificially 
powered locomotives. Inventions followed thick and fast: dynamos and 
electric motors (ushering in the modern electric age), the internal com-
bustion engine, the first airplanes, jet engines, and the development of 
the electronic computer during World War II.
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Nature Lent a Hand
Of course, human determination, inventiveness, and sheer genius 
played a major role in the development of technology. But this is only 
part of the story. On even the most cursory reading, the march of tech-
nological advance from the Stone Age to Curiosity was only possible be-
cause of what would appear to be an outrageously fortuitous set of envi-
ronmental conditions, without which, despite our genius, we would still 
be hunter-gatherers and, as Alfred Russel Wallace noted a century ago, 
no advance beyond the most primitive stone tools would have been pos-
sible.23 In short, in the development of technology, nature lent a hand.

The combustion of wood or coal may seem so familiar as to be un-
worthy of any comment. But combustion—the reaction between re-
duced carbon (in wood, coal, or charcoal) and oxygen—is anything but 
ordinary. On the contrary, it is a unique chemical reaction, providing 
enormous energy and heat to perform many useful tasks while at the 
same time being non-explosive and readily controlled. The relative leth-
argy of the reaction between oxygen and carbon—witnessed in the dif-
ficulty of starting a campfire—is the result of unique features of both 
the oxygen atom and the carbon atom,24 which render them peculiarly 
unreactive at ambient temperatures. 

This low chemical reactivity allows for the safe and controlled use of 
fire. It also means that we do not spontaneously combust at ambient tem-
peratures in the current atmosphere of 21 percent oxygen. And because 
of the curious un-reactivity of the oxygen atom at ambient temperatures, 
oxygen must be activated to utilize its energetic potential: in the body by 
special catalytic processes and in wood through the application of heat.

Moreover, as mentioned above, it is only because charcoal reacts 
more vigorously with oxygen than uncooked wood, making possible the 
high temperatures in kilns and furnaces, that the extraction of metals 
from their ores and the development of metallurgy were possible at all. 
And adding fortuity to fortuity, burning charcoal not only provides the 
necessary heat but also the reducing conditions in the kiln that strips the 
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oxygen from metal ores, an essential element in the smelting and metal-
lurgy of iron.25 As Arthur Wilson notes: “It was a fortunate coincidence 
that the fuel that primitive man used to generate heat [sufficient to smelt 
metals] was also an effective chemical agent for reducing oxidized ores to 
the metallic state.”26 [my emphasis] 

The fact that the same substance, charcoal, provides the source of 
heat for smelting metals and the reducing conditions in the kiln neces-
sary to strip oxygen from metal ores is another unique and crucial ele-
ment of fitness which made the development of metallurgy possible. It 
is very difficult to imagine how the essential reducing atmosphere in the 
kiln could be achieved in any other way. And there are yet other elements 
of fitness of charcoal for metallurgy. Being porous, charcoal enables the 
blacksmith to regulate the temperature in the kiln by changing the flow 
of air through the bellows.27 

Figure 1-5: Charcoal, the amazing substance that helped us harness the power 
of fire.

 It is certainly an intriguing element of fitness in nature that, al-
though ordinary wood fires do not generate sufficient heat to smelt cop-
per or iron, charcoal “was one way in which nature came to the rescue of 
the early metal workers.”28 As mentioned above, burning charcoal in a 
vented kiln can generate temperatures well above 1,000° C, sufficiently 
high for extracting these two key metals from their ores. Given the range 
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of temperatures in the cosmos and the fantastic diversity of the proper-
ties of matter, it beggars belief that the smelting temperatures of metal 
ores are in reach of the temperatures that can be generated in wood or 
charcoal fires—a coincidence upon which the whole subsequent devel-
opment of technology depended. 

Another intriguing element of fitness in nature, which must have first 
introduced our ancestors to the phenomenon of fire, is the existence of 
natural fires, caused by lighning strikes and other natural phenomenon, 
such as lava flows from volcanoes. Without recurrent natural fires in the 
environment, it is hard to see how man could ever have conceived of the 
phenomenon and attempted to mimic nature by initiating fire himself. 

A strong hint that this is so is the fact that, as the authors of a recent 
paper point out, man’s utilization of fire coincided with a period between 
two and three million years ago in tropical Africa, when the paleo-envi-
ronmental conditions were progressively fire-prone.29 Restricted to the 
high arctic, to wetlands, or to treeless deserts, humans would never have 
witnessed fire, let alone understood or mastered its primeval powers and 
potential! 

The development of metallurgy depended on other “lucky” elements 
of fitness as well. The existence of plentiful and common metal ore-
bearing strata requires a variety of tectonic processes being “ just right,” 
including magmatic, hydrothermal, and metamorphic processes.30 

Yet another element of fitness in nature crucial to the development 
of metallurgy is the existence of woody plants, which provide the fuel for 
fire and the raw material for the manufacture of charcoal.

All these elements of fitness in nature for the development of tech-
nology, which were crucial to mankind’s rise to civilization, long pre-
ceded man’s arrival on Earth. 

Our becoming a fire-maker, and thus a tool-maker, and eventually a 
voyager into space, the maker of Curiosity, of bee-sized drones, and of a 
laser that can illuminate the moon, has not been due to our own genius 
alone. It was mainly the fortuitous conditions of our planetary home 
and the set of propitious coincidences in the properties of matter that 
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allowed us to harness the power of fire and initiated our long journey of 
technological innovation via ceramics and metallurgy to the industrial 
revolution, to electronic computers, and the twenty-first century. The 
path, it seems, was already built into nature.

Moreover, the path followed (from fire, to charcoal, ceramics, kilns, 
and metallurgy), would appear to be unique. No one to my knowledge 
has described an alternative path that might have been taken by our an-
cestors on Earth nor by exotic non-carbon-based life forms inhabiting 
an alien exo-planet very different in chemical and physical condition 
from our own. And not only does the path appear to be unique, but only 
biological beings similar to modern humans, possessed of our android 
design and conscious creative agency on a planet similar to the Earth 
could ever have exploited the wonderful fitness of nature for fire and for 
metallurgy. And this suggests that if there are extraterrestrial civiliza-
tions possessed of an advanced technology, they will have followed the 
same route, resemble closely beings of our biology, and inhabit a world 
similar to the Earth. 

The conditions necessary for man to be a fire-maker are specific and 
comprehensive. The following chapters explore in more detail some of 
the things that make harnessing fire—and thus the long march from fire 
to the technological advancements of the last few hundred years—pos-
sible. 
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Figure 2-1: Earth seen from the International Space Station in 2016.



2. The Right Planet
 Earth’s size is just about right—not so small that its gravity was too weak to 
hold the atmosphere and not so large that its gravity would hold too much 
atmosphere including harmful gases.

Frank Press and Raymond Siever, Earth (New York: W. H. Freeman, 1986), 4.

As we have seen, fire was an absolutely crucial component 
in humanity’s rise to civilization and technology. Indeed, it is diffi-

cult to imagine any path to technology that does not begin and continue 
with fire. That path was not of man’s own making, but was facilitated 
by a remarkable fitness in the nature of things, witnessed in the utility 
of metals, the availability of their ores, and the fact that temperatures 
sufficient to smelt metals from their ores are attainable in charcoal fires. 

But nature has provided another vitally important contribution to 
humankind’s harnessing of fire as well: It has maintained an atmosphere 
on the Earth that has just the right properties for both fire-making and 
the fire-maker. 

The Right Atmosphere
A planet fit for fire and its utilization by beings like ourselves must have 
an atmosphere that supports both respiration and fire. Although it is not 
widely appreciated, the atmospheric conditions necessary for respiration 
and those for combustion are different. It is quite possible for a planet to 
have an atmosphere that supports fire but not respiration (e.g., altitudes 
above the summit of Mt. Everest), one that supports respiration but not 
combustion, or one that supports neither. 
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The critical point is that fire “spread” (sustainability) is determined 
by different atmospheric factors than those that ensure oxygen uptake in 
the lungs. In a paper sponsored by NASA, the authors comment: 

The mechanism of flame spread comprises a very complex inter-
play of diffusion, heat transfer, and chemical processes in the fuel 
material and in the ambient gas phase… flame spread rates over the 
surface of combustible solids are reduced by the presence of an inert 
dilutent in the atmosphere… The rate of flame spread can be corre-
lated with the specific heat of the atmosphere per mole of oxygen… 
the apparent ignition energy is strongly dependent on the thermal 
dissipative characteristics of the atmosphere….1

In another NASA-sponsored paper entitled pointedly, “Habitable 
Atmospheres which Do Not Support Combustion,” McHale comments:

It was discovered that if the heat capacity of the atmosphere 
could be raised to ~50 cal/°C mole 02, the atmospheres would not 
support combustion of any ordinary material. Many properties of 
the environment determine the rate of flame spread, and the simple 
correlation with heat capacity obtains because the agents being con-
sidered are inert and only act physically to suppress combustion… 
combustion depends on the feedback of energy on the flame zone 
to the unburned fuel in order to bring it to the combustion tem-
perature. Inert gases act as heat sinks for the combustion energy, 
cooling the flame and interfering with this feedback process and, at 
sufficiently high concentrations, quenching combustion. 

However, the atmosphere plays a different role in sustaining life 
than in supporting combustion. The life support function requires 
a partial pressure (~2.5 psi [130mm mg] or greater) of oxygen suf-
ficient to maintain the necessary oxygen tension in the blood. Di-
lutent gases, if they are physiologically inert [like nitrogen], have 
only a minor effect on this process. Hence, by selection of a proper 
additive it should be possible to prepare an atmosphere of high heat 
capacity that is also physiologically inert. This would comprise a 
habitable atmosphere that would not support combustion.2

Because the factors which influence uptake in the lungs (including 
partial pressure of oxygen in the atmosphere, currently 160 mm Hg) 
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and the factors which influence fire spread (including the percentage of 
oxygen, currently 21 percent, and the presence of dilutents in the atmo-
sphere) are quite different, it is possible to engineer atmospheres capable 
of sustaining oxygen uptake in the lungs but not fire. Douglas Drysdale 
points out: 

It is possible to create an atmosphere that will support life but 
not flame. If the thermal capacity of the atmosphere per mole of oxy-
gen is increased to more than c. 275J/K (corresponding to 12% O2 
in N2), the flame cannot exist under normal ambient conditions. A 
level of oxygen as low as 12% will not support normal human activ-
ity [except for races acclimatized to living at high altitudes] but if 
this atmosphere is pressurized to 1.7 bar, the oxygen partial pres-
sure will be increased to 160mm Hg, equivalent to that in a normal 
atmosphere and therefore perfectly habitable—although incapable 
of supporting combustion.3 

Such atmospheres have been considered for use in various confined 
spaces such as space ships. Nitrogen is an effective dilutent and tests by 
the U.S. Navy showed that if the oxygen/nitrogen mix is changed by the 
addition of more nitrogen to an atmosphere, the fire may be quenched 
even though the partial pressure of the oxygen is still 160 mm Hg and 
perfectly capable of supporting human respiration.4

Because the process of combustion differs fundamentally from oxy-
gen uptake in the lungs, the fact that there is an atmosphere that supports 
both is of enormous consequence. It was this coincidence that allowed 
mankind to utilize fire in the first place and set out on his technological 
journey from the Stone Age to the twenty-first century.

It is worth noting the additional fortunate fact that nitrogen does 
not have a specific heat capacity much lower than it does or fire might be 
difficult to tame in ambient conditions. Because nitrogen is essential to 
confer density to the atmosphere and necessary to keep the oceans from 
evaporating—no other candidate is available—its specific heat capacity 
is another element of fitness in nature which has enabled the control of 
fire by humans.
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In sum, the current atmosphere is fit—but for different reasons—
both for sustaining fire and for supporting human oxidative metabolism. 
On the one hand, the overall atmospheric pressure (currently 760 mm 
mg) cannot be much increased or the work of breathing would be signifi-
cantly increased,5 as would the risk of fire.6 On the other hand, it cannot 
be radically less or the oceans would have long ago evaporated, although 
recent work suggests that at times in the distant past it may have been 
less than half its current level.7

Spontaneous Combustion 
Given the great quantities of energy released in combustion—and given 
that our bodies are composed of reduced carbon compounds—a ques-
tion arises, which was mentioned briefly in the previous chapter, and 
which intrigued novelist Arthur C. Clarke: Why don’t we spontaneously 
combust, even at ambient temperatures, given the inherent thermody-
namic energy of oxidations?8 Indeed, why don’t forests do the same? 

Figure 2-2: Fortunately, our planet is fit for fire but not for spontaneous 
combustion.

A forest fire is ample proof of the enormous amounts of potential 
energy (thermodynamic) that “lie within.” It is claimed that in the great 
wet era—the Carboniferous, when the Earth was a massive swamp and 
the first amphibians crawled in the watery margins of the lakes and 
streams—oxygen levels reached 30 percent or even slightly higher. This 
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is a huge proportion compared to today’s levels, and the evidence sug-
gests that those “wet forests” burned in conflagrations of unimaginable 
ferocity.9 The effects of these great conflagrations were attenuated only 
because the Earth was wet and most life was aquatic or lived on the mar-
gins of rivers and swamps. 

James Lovelock has pointed out that atmospheric levels of oxygen 
much above about 25 percent, let alone 30 percent,10 would cause raging 
conflagrations today even in tropical rain forests. So controlling fire in a 
normobaric atmosphere of more than 25 percent oxygen would likely be 
highly problematic. Current ambient levels close to 21 percent are just 
about ideal for controlled combustion: high enough to get a fire started, 
but not so high that the fire spreads uncontrollably.11 

The reason why neither humans nor trees spontaneously combust at 
the current 21 percent oxygen levels (= pO2 of 160 mm Hg) is because, 
as briefly mentioned in Chapter One, both the carbon atom and molecu-
lar oxygen (O2, or dioxygen) are relatively inert at ambient temperatures 
because of their peculiar atomic structures, which greatly attenuates 
their reactivity.12 

This attenuation of the reactivity of oxygen makes it possible to sus-
tain the high metabolic rates of mammals on our planet. It means that 
atmospheric levels of 21 percent oxygen, which are required to supply air-
breathing, energy-hungry organisms (like mammals and birds and flying 
insects, etc.) with sufficient oxygen to satisfy their metabolic needs,13 do 
not at the same time lead to spontaneous combustion. As Roman Boula-
tov comments: “The biosphere benefits greatly from this inertness of O2 

(dixoygen) as it allows the existence of highly reduced organic matter in 
an atmosphere rich in a powerful oxidant.”14 

Ironically, the chemical inertness of O2 is a potential problem for life 
as well as a benefit. Boulatov continues, “such inertness also means that 
rapid aerobic oxidation will only occur if energy is put into the system to 
overcome the intrinsic kinetic barriers [e.g., heat is used to start a camp 
fire] or the reaction is catalyzed”15 by enzymes that contain either iron or 
copper ions within their active sites.16
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 It is another element of fortuity in nature that the properties of the 
transitional metals atoms, such as iron and copper, have just the right 
atomic characteristics to “gently” activate oxygen for chemical reactions. 
In fact, all the oxygen-handling enzymes in the body, even those not 
specifically involved in oxygen activation such as hemoglobin (which is 
involved in oxygen transport), make use of transitional metal atoms. So 
the inertness of oxygen at ambient temperatures is rescued in the body 
by the unique properties of the transitional metal atoms that activate it 
for energy generation in air-breathing organisms like ourselves, whose 
high metabolic rates and active lifestyles depend critically on the energy 
of oxidations.17 If not for our unique oxygen-handling capacities, we as 
carbon-based life forms dependent on oxidations for our metabolic en-
ergy would certainly not be here. 

In short, the inertness of dioxygen is clearly fit in several ways for air-
breathing organisms obtaining their oxygen in gaseous form supplied 
from an atmosphere: It enables the energy of oxidations to be utilized in 
the body; it prevents us from spontaneously combusting; and it allows 
for the controlled utilization of fire.

It is worth noting that the inertness of oxygen at ambient tempera-
tures is a fitness in nature particularly relevant for terrestrial, air-breath-
ing organisms like ourselves, preventing spontaneous combustion and 
at the same time allowing for the mastery of fire. It does not apply to 
aquatic organisms that extract their supply of oxygen from water and are 
incapable of ever lighting a fire. And of course these characteristics are 
completely irrelevant to anaerobic bacteria and those extremophiles en-
tombed in the crustal rocks, far removed from the concerns of life with 
oxygen.18

Right-Sized Planet
All the unique elements of fitness in nature for fire and the development 
of technology would be of no avail without rocky planets of the right 
size, like the Earth. 
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If a planet is to possess the necessary stable hydrosphere and at-
mosphere fit for life discussed above, it must be of approximately the 
size and mass and possess a gravitational field very close to that of the 
Earth19 and undergo a similar geophysical evolution. Its gravity must be 
strong enough to retain permanently the heavier gaseous elements such 
as nitrogen, oxygen, and carbon dioxide, but weak enough to permit the 
initial loss of the lighter volatile elements such as hydrogen and helium. 
Only on planets of similar mass and size to the Earth’s could there exist 
an atmosphere containing sufficient quantities of oxygen to sustain fire.

Figure 2-3: Earth is the right size to sustain both fire and bipedal animals 
who can use fire.

But here is something even more remarkable: A “Goldilocks” planet 
like ours that is “ just right” in size and gravity to provide an atmosphere 
supportive of fire and human respiration is also “ just right” for the ex-
istence of carbon-based organisms of our size and design possessing 
an upright bipedal posture, i.e., organisms—as we shall see in Chapter 
Four—of the right size and design to exploit the phenomenon of fire. 

Self-evidently, the gravity on the surface of a planet limits the maxi-
mum size of large terrestrial organisms. If the Earth had more than twice 
its current surface gravity, our weight would be more than doubled, ne-
cessitating radical compensatory changes in the design of the body that 
might well prohibit the existence of large upright bipedal creatures like 
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humans. So planets of the Earth’s size and mass are coincidentally fit 
both for the design of a bipedal animal of the dimensions of a man ca-
pable of exploiting fire and for providing the right atmosphere to support 
combustion and respiration.20

The Utility and Availability of Metals
The development of technology required not only a planet of the right 
size and possessing the right kind of atmosphere for respiration and the 
taming of fire, but also a planet where metals would be available and us-
able. Although some sophisticated cultures have achieved extraordinary 
ends without the use of metals—the classic example is the Maya—it is 
very doubtful that any beings anywhere in the universe could develop 
a technological civilization remotely comparable with our own without 
the use of metals. 

At ambient temperatures on Earth, metals such as copper and iron 
possess high tensile strength (meaning approximately that they are hard 
to deform21), but they are also malleable and ductile to a remarkable de-
gree (ductility is the ability to deform under tensile stress—character-
ized by the ability to stretch metal into a wire22). At temperatures much 
above the ambient range, metals soften (even steel loses tensile strength 
above 400° C), while at much below zero, many metals become increas-
ingly brittle.23 So metals can be molded into the “strong hard” steel 
beams or girders used in construction and can be drawn into fine wire 
most effectively in the ambient temperature range. 

Not only can metals, because of their tensile strength, be molded into 
hard implements useful for a myriad of purposes; they are also conduc-
tors of electricity. Because of their ductility, they are capable of being 
drawn into strong, thin wires, a gratuitous combination of properties 
that made possible the construction of electric generators and electric 
motors. Without the twin properties of ductility and electrical conduc-
tivity there would be no electric age, and it is doubtful that human so-
ciety could have advanced beyond the steam age of the early nineteenth 
century. Thus, the Wikipedia article on electricity states: 
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Electrical phenomena have been studied since antiquity, though 
progress in theoretical understanding remained slow until the sev-
enteenth and eighteenth centuries. Even then, practical applications 
for electricity were few, and it would not be until the late nineteenth 
century that engineers were able to put it to industrial and residen-
tial use. The rapid expansion in electrical technology at this time 
transformed industry and society. Electricity’s extraordinary versa-
tility means it can be put to an almost limitless set of applications 
which include transport, heating, lighting, communications, and 
computation. Electrical power is now the backbone of modern in-
dustrial society.24

Figure 2-4: Copper wire has been indispensable in the development of electric 
motors.

Indeed, the whole electric age is in a very real sense a gift of the mate-
rial properties of metals and of one metal in particular: copper. 

The fitness of metals because of the conjunction of their ductility and 
electrical properties is certainly an arresting fact. And it is not just their 
strength and hardness that are maximally useful in the ambient temper-
ature range. Curiously, several metals—especially copper, the conductor 
par excellence—are far better conductors at ambient temperatures than 
at higher temperatures. Copper, for example which is still indispensable 
for dynamos and electric motors, conducts electricity ten times more ef-
ficiently (that is, its resistivity is ten times less) at 100° C than 600° C.25 
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If the conductivity of copper were ten times less, wires would have to be 
ten times the cross-sectional area to provide the same conductivity, rul-
ing out many applications and making the construction of motors and 
dynamos far more difficult. 

Copper does indeed have ideal fitness for its applications in electrical 
devices: 

The inherent strength, hardness, and flexibility of copper build-
ing wire make it very easy to work with. Copper wiring can be in-
stalled simply and easily with no special tools, washers, pigtails, or 
joint compounds. Its flexibility makes it easy to join, while its hard-
ness helps keep connections securely in place. It has good strength 
for pulling wire through tight places (“pull-through”), including con-
duits. It can be bent or twisted easily without breaking. It can be 
stripped and terminated during installation or service with far less 
danger of nicks or breaks. And it can be connected without the use 
of special lugs and fittings. The combination of all of these factors 
makes it easy for electricians to install copper wire.26 

Copper also resists corrosion more than aluminum or iron. In an 
article on copper posted on the web the author waxes lyrical about its 
utility: 

Copper’s unique properties make it an invaluable component of 
our future. Copper is so good at managing heat and electricity, it is 
practically irreplaceable for use in sustainable energy—from solar 
panels to wind turbines. Copper can be 100% recycled—making it a 
perfectly green material. Just shy of 1 trillion pounds of copper have 
been mined since the dawn of human history—and most of it is still 
in circulation thanks to copper’s recycling rate (which is higher than 
that of any other engineering metal)… The entire industry of copper 
mining and copper alloys is dependent upon the economic recycling 
of any surplus products. Not only can copper be recycled from post-
consumer equipment like old plumbing pipes or discarded electri-
cal cable, but the scrap pieces of copper from factory floors can be 
recycled into new grade A copper. About half of all copper that is 
recycled is post-consumer scrap copper and copper alloys have been 
recycled for thousands of years. In fact, one of the wonders of the 
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old world, the Colossus of Rhodes, a statue spanning the entrance 
to Rhodes Harbour in ancient Greece, was said to have been made 
of copper. No trace of it remains since it was recycled to make other 
items.27

Figure 2-5: Earth has an abundance of accessible metals, which helped make 
modern civilization possible through the use of fire.

Nature lent a hand in the initial development of metallurgy. Metals 
would have never been discovered in the first place, nor could their magic 
properties have been exploited, if their ores were not relatively plentiful 
and accessible in the crustal rocks. The existence of plentiful and com-
mon metal ore-bearing strata depends in turn on a variety of tectonic 
processes being “ just right,” including magmatic, hydrothermal, and 
metamorphic processes.28 If the properties of the various mineral ores, if 
the abundance of metal atoms in the Earth’s crust and mantle, if the vis-
cosity of crustal rocks, etc., had been somewhat different, then perhaps 
no ore-bearing mineral strata would have formed, and despite our genius 
we would be trapped forever in a Stone Age culture. 

Over a century ago Alfred Russel Wallace alluded to the same fortu-
ity: 

The seven ancient metals are gold, silver, copper, iron, tin, lead, 
and mercury. All of these are widely distributed in the rocks. They 
are most of them found occasionally in a pure state, and are also 
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obtained from their ores without much difficulty, which has led to 
their being utilised from very early times… 

Each of the seven metals (and a few others now in common use) 
has very special qualities which renders it useful for certain purposes, 
and these have so entered into our daily life that it is difficult to con-
ceive how we should do without them. Without iron and copper an 
effective steam-engine could not have been constructed, our whole 
vast system of machinery could never have come into existence.29 
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Figure 3-1: Wood enabled humankind to harness the powers of fire.



3. The Right Fuel
It may form an interesting intellectual exercise to imagine ways in which life 
might arise, and having arisen might maintain itself, on a dark planet; but I 
doubt very much that this has ever happened, or that it can happen.

George Wald, “Life and Light,” Scientific American 201, no. 4 (1959): 108. 

Because of its atmosphere, its size, and its abundance of 
metals, the Earth is the right kind of planet to supply a home for a 

fire-making creature who can create new technologies. But there is an-
other aspect of the Earth’s environment that is absolutely crucial in al-
lowing the utilization of fire for metal-based technologies. 

To make a fire sufficiently hot to smelt metals requires the right fuel. 
Thin twigs and dried grasses will burn, but such materials are unsuit-

able for making hot, sustainable fires that can reach high enough tem-
peratures (many hundreds of degrees) to smelt metals from their ores. 
Wood or wood products such as coal, charcoal, or coke are the only fuels 
that will do. Without large trees, there would be no wood, no charcoal, 
no coal (essentially fossilized wood), and no sustainable fires for smelting 
metals. Prometheus would be well and truly bound. 

Again, it was not human inventiveness that provided either the wood 
for the manufacture of the charcoal that fired the primitive kilns in which 
the first metals were smelted or the vital oxygen to burn the charcoal. 
The existence of wood (and nearly all the organic material on Earth) and 
the oxygen in the atmosphere are the gifts of photosynthesis, the process 
by which green plants utilize the energy of sunlight to synthesize re-
duced carbon compounds which form the substance of wood and draw 
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the hydrogen from water to release oxygen into the atmosphere. As Ste-
phen Pyne points out: 

Fire on Earth is a pervasive feature of the living world. Life cre-
ated the oxygen that combustion requires, and provides the hydro-
carbon fuels that feed it… Fire takes apart what photosynthesis has 
put together; its chemistry is a bio-chemistry. Fire is not something 
extraneous to life to which organisms must adapt, it is something 
that has emerged out of the nature of life on Earth.1 

The fitness of nature for photosynthesis is a fascinating topic which 
I cannot do full justice to here, but suffice to say that it depends on the 
atmosphere letting through the “right” visual light and absorbing the 
“wrong” dangerous radiation in UV, gamma, and X-ray regions of the 
electromagnetic spectrum. The visual light energy raises the electrons 
in chlorophyll to higher energy levels, which allows them to escape and 
flow to the reaction centers in the chloroplast where organic compounds 
are synthesized. At the same time, it creates a charge separation, draw-
ing electrons from water, oxidizing it, and releasing oxygen.2 Altogether 
photosynthesis is a remarkable process which may even necessitate ex-
ploiting a process called quantum tunneling.3 

In addition to nature’s fitness for photosynthesis, the existence of 
large woody plants such as trees and the wood they provide for fire mak-
ing is only possible because of many other elements of fitness in nature, 
including the unique properties of an unfamiliar but crucial component 
of plant cell walls: lignin. 

Lignin is an essential component of all plant cell walls and provides 
the necessary element of strength for the construction of tall woody 
trees. Because it is highly resistant to enzymatic catalysis, its breakdown 
in the soil is slow, allowing the formation of humus, which retains water 
and minerals in the soil.4 This in turn promoted the growth of large trees 
and allowed the build-up of vast volumes of undigested vegetation in 
the Carboniferous swamps, ultimately providing the coal for the steam 
engines of the early industrial age. Without lignin, there would be no 
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woody plants, no wood, no coal, no charcoal, no fire, no pottery, and 
certainly no iron and probably no other metals or metallurgy. 

Figure 3-2: Many conditions must be met for large woody plants like trees to 
flourish; and without these plants, we likely never could have harnessed the 
powers of fire.

Many other conditions must be met for large woody trees to flourish. 
First, their leaves must be able to lose heat in direct sunshine. This is 
achieved by a “Goldilocks” combination of fundamental physical phe-
nomena, including evaporative cooling, convection, conduction, and 
radiation.5 Additionally, their trunks and branches must be made of a 
strong, durable material providing tensile strength (resisting stretching) 
and compressive strength (resisting volume reduction) to sustain bend-
ing and compressive pressures. The combination of cellulose and lignin 
in plant cell walls provides the necessary strength and is in all probability 
uniquely fit for this role. 

In addition to having strong trunks and being able to keep cool in the 
sun, trees must also have a method of absorbing water and drawing it to 
their leaves, which in the case of large trees may be many meters above 
the ground. Water is the matrix of life on Earth and essential for cellular 
physiology and, in the case of plant cells, for photosynthesis. Water is 
the source of both the hydrogen atoms for the synthesis of organic com-
pounds, including wood, and of the oxygen atoms, which are released 
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into the atmosphere. Water is also utilized by plants for evaporative 
cooling, one of the factors that attenuates the temperature of leaves in 
hot sun. 

The Amazing Circulation System of Trees
This brings us to a tale that Steven Vogel in his book The Life of a Leaf 
calls Mirabile dictu (wonderful to relate): the way water is raised to the 
top of a tall tree.6 Clearly, unless water can be drawn several meters up 
the conduits in their tree trunks, large woody trees would be impossible. 
Many trees are 30 meters tall and some are even 100 meters. It turns 
out that this is only possible because of another ensemble of fitness in 
nature, which arises out of the so-called colligate properties of fluids, 
particularly water: primarily the remarkable and counterintuitive tensile 
strength of liquids working together with the fantastically great surface 
tension of a fluid confined in a narrow tube. 

Figure 3-3: The circulation system of trees is an amazing process that makes 
tall trees possible.

Simple capillarity caused by surface tension (a generic property of 
all fluids) can easily raise water up to 100 meters if the tube is small 
enough. In tubes one hundredth of a micrometer (10 nanometers), the 
surface tension is so strong that it can support a column of water of three 
kilometers, or two miles high.7 But because of viscosity (a measurement 
of internal friction), water’s resistance to flowing through such tiny con-
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duits would be prohibitively high.8 In fact, the conduits in trees are be-
tween 0.03 and 0.3 millimeters in diameter, which is sufficiently wide 
to allow the sap to flow up through the tubes with minimal resistance. 
But as Vogel comments: “Thirty micrometers sends water only about 
1.5 meters (5 feet) upward, and 300 micrometers is ten times worse: 15 
centimeters, or 6 inches.”9 

So how do trees do it? How do trees manage to exploit capillarity to 
hold a column of water 100 meters high (which necessitates tiny tubes) 
while at the same time overcoming the viscous drag that such tiny tubes 
entail? As Holbrook and Zwieniecki explain, plants solve the problem 
of the viscous or frictional cost of moving water through small tubes 
“by connecting the small capillaries in leaves [small enough to generate 
capillary forces powerful enough to hold a column 100 meters high] to 
larger conduits that provide a much wider transport channel that runs 
from the veins in the leaf down through the stem and into the roots.”10 

The key point is that the critical capillary forces are not generated in 
the major conduits. As Holland and Zwieniecki point out: 

The relevant capillary dimensions are not those of the large con-
duits that you would see if you cut down a tree and looked inside 
[with diameters of 0.03–0.3 mm]… Rather, the appropriate dimen-
sions are determined by the air-water interfaces in the cell walls of 
the leaves, where the matrix of cellulose microfibrils is highly wetta-
ble and the spacing between them results in effective pore diameters 
[which function as tiny capillaries] of something like 5 to 10 nm.11 

This is the crucial point: The diameter of the pores is so small that 
the surface tension generated (as mentioned above) is able to support a 
water column three kilometers high, much higher than the highest tree. 

In other words, as the authors continue: “Trees and other plants 
overcome [the problem]… by generating capillary forces in small-diam-
eter pores [at the interfaces in the leaves between the sap and the air] 
but transporting water between soil and leaves through larger diameter 
conduits. That strategy allows them to achieve greater heights than with 
a straight-walled microcapillary.”12 
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But while capillarity—given the tiny diameter of the tubes at the in-
terface—will suffice to hold up the 100-meter column, what pulls the 
sap upwards from the roots through the conduits to the stems and leaves 
at the top of the tree? 

The answer is that the evaporation or transpiration from the air-
water interfaces in the leaf cell causes the suck by inducing a negative 
pressure in the fluid under the tiny menisci, which is transmitted to the 
whole system of conduits. It is a basic law of hydraulics that pressure in 
one part of an enclosed hydraulic system is transmitted to all other parts. 
As water molecules are lost from the leaves at the top of the tree, others 
must enter in the roots to take their place. The continual loss of water 
molecules lowers what is termed the water potential in the regions below 
the interfaces. This lowering of potential, transmitted to the whole hy-
draulic network, pulls the water up the conduits to the interfaces where 
it is lost by evaporation to the atmosphere. 

An obvious question arises: Why does the column of water not break 
into pieces as it is tugged from above? The answer is the cohesiveness of 
liquids—the tendency of the molecules in liquids to “stick together”—a 
tendency more pronounced in water than most other common fluids be-
cause of its colligate properties, which arise from the hydrogen bonding 
between neighboring water molecules. And because of this tendency of 
water columns, although the notion is very counterintuitive, water has 
tensile strength.13 

Tensile strength is the ability of a substance to resist being stretched. 
You can pull a steel wire up 100 meters without it breaking because of 
the tensile strength of steel, and it is the same with a water column. Re-
markably, experiments show a rope of liquid water, a square centimeter 
in cross section in an enclosed tube, has sufficient tensile strength that 
one could hang from it a solid mass of nearly 300 kilograms. Steel is 
stronger, but only ten times stronger!14 It is this very counterintuitive 
tensile strength of a fluid—especially water, because its colligative prop-
erties are so pronounced—that allows the negative pressure caused by 
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the evaporation in the leaves to pull sap from the roots up 100 meters to 
the leaves without any break occurring in the column. 

This remarkable mechanism, so vital to the existence of large trees, 
depends critically on two basic physical properties of water as a fluid: its 
tensile strength, which means the “pull of evaporation” will not break the 
water column, and the enormous surface tension generated by water in 
very narrow tubes or passages. The mechanism represents a unique and 
stunningly brilliant solution to the problem of raising water to the top of 
large trees. Significantly, no conceivable alternative will work.

Vogel in his The Life of a Leaf waxes lyrical in contemplating the way 
it’s done: 

The pumping system has no moving parts, costs the plant no 
metabolic energy, moves more water than all the circulatory systems 
of animals combined, does so against far higher resistance, and de-
pends on a mechanism with no close analogy in human technology.15 

And as Holbrook and Zwieniecki comment in their article in Physics 
Today:

Trees can be rightly called the masters of microfluidics. In the 
stem of a large tree, the number of interconnected water transport 
conduits can exceed hundreds of millions, and their total length can 
be greater than several hundred kilometers. Furthermore on a sunny 
day, a tree can transport hundreds of gallons of water from the soil to 
its leaves, and apparently do it effortlessly, without making a sound 
and without using any moving parts… The physics that underlies 
water transport through plants is not exotic; rather, the application 
of that physics in microfluidic wood matrix results in transport re-
gimes operating far outside our day-to-day experience.16 

One of the more remarkable aspects of this unique system, which no 
researcher to my knowledge has highlighted, is the fact that the same 
vital fluid which is so essential to the basic physiological functioning of 
the cells in the leaf and particularly for the process of photosynthesis, 
is the very same fluid which possesses just the right “Goldilocks” physi-
cal properties—tensile strength and surface tension—to raise it from 
the soil to the leaf. So water not only provides one of the key chemicals 
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in the process of photosynthesis, not only provides the ideal matrix for 
the physiological functioning of the cells in the leaf, but also amazingly 
provides through its own intrinsic powers a unique means of raising it-
self from the roots to the leaves. Just another example of the breathtak-
ing parsimony of nature’s magic—using the same substance or process to 
achieve completely diverse ends which work together to serve the end of 
life as it exists on Earth. 

Trees are only possible because of an ensemble of elements of fitness 
in nature—the physical factors which prevent leaves from overheating 
in the sun, the unique properties of the cellulose lignin composite that 
confer tensile strength and durability to tree trunks and promotes the 
formation of soil, and the unique mechanism to raise water to the top 
of tall trees. Trees only exist because the physical properties of water 
including its tensile strength and density are exactly as they are, and only 
because the force of surface tension generated in small curved surfaces 
is as strong as it is, and only because the laws of hydraulics are precisely 
as they are. 

Without this ensemble of fitness in nature, there would be no wood, 
no fire, no metallurgy, no modern technology. And nature would not be 
fit for humans to utilize their unique physical adaptations and cognitive 
powers to understand the world. It is intriguing that the unique fitness 
in nature for large trees, which might appear at first somewhat esoteric, 
turns out to be a crucial element of fitness which made possible our ex-
ploration and understanding of the world. It is yet another ensemble of 
fitness supportive of the anthropocentric notion of a world order unique-
ly fit for our being.
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Figure 4-1: Humans are uniquely constructed to make and use fire. 



4. The Fire-Maker
Seeing the perfection of the hand, we can hardly be surprised that some phi-
losophers should have entertained the opinion with Anaxagoras, that the su-
periority of man is owing to his hand… it is in the human hand that we have 
the consummation of all perfection as an instrument.

Charles Bell, The Hand: Its Mechanism and Vital Endowments, as Evincing Design, 
in The Bridgewater Treatises, vol. IV (Philadelphia: 

Carey, Lea and Blanchard, 1833), 157. 

As we have seen, there is a remarkable suite of elements of 
fitness in nature for the harnessing of fire and for the development 

of metallurgy. But in order for fire to unlock the vast potential of metals, 
in order for it to lead to major technological advances, one more thing 
is necessary. There must also be a creature capable of maintaining and 
controlling fire, of building kilns, of mining for ores, of felling trees and 
manufacturing charcoal, and so on. On our planet there is one such crea-
ture uniquely endowed for the task: our own species Homo sapiens. 

One of the unique things about modern humans that allowed us to 
master fire and metallurgy and develop an advanced technology is of 
course our high intelligence compared with any other species. But our 
technological empowerment and our advance from the Stone Age to 
our modern twenty-first century industrial society depended on more 
than just our high intelligence. It also depended critically on a number 
of additional factors, including our possessing a unique suit of physical 
attributes. 

Being terrestrial is one obvious requirement. No fully aquatic species 
could master fire and thus develop metallurgy and the host of fire-assist-
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ed technologies from glass-making to chemistry that enabled our own 
species to explore and ultimately comprehend the world. It is impossible 
to imagine how an aquatic species—no matter how intelligent—could 
develop any technology utilizing fire in any sort of underwater environ-
ment. 

In addition to our being a terrestrial organism, it was our unique 
upright android design and possession of that supreme manipulative 
instrument—the human hand—which in conjunction with our high in-
telligence enabled our species to manipulate and master fire and develop 
over subsequent centuries an advanced technology that has enabled us to 
pry open nature’s deepest secrets. 

Being the Right Size
One needs only to recall how difficult it is to start a fire using tradi-
tional frictional methods (such as rubbing two pieces of wood together), 
even with the superb manipulative abilities of the human hand, to grasp 
how unique is our ability among all organisms on Earth to make and 
master fire. No other organism possesses an organ remotely as capable 
of initiating a fire. On the possession of the hand alone are we uniquely 
endowed to be the fire-maker. 

But no matter how wonderfully crafted our hand and upright stance, 
they would be of no avail unless we were the right size.1 To handle fire, 
develop metallurgy, make tools for mining ores and hewing wood, and 
carry out the innumerable manipulative tasks associated with the de-
velopment of technology, we need to be approximately the size we are. It is 
only because our size is fit for the task of fire-making that man has suc-
cessfully followed the long technological journey from the campfires of 
the ancient African savanna to the twenty-first century. And our being 
the right size to be a fire-maker is itself only possible because a host of ba-
sic additional physical and biological parameters are exactly as they are. 

 Only an organism of approximately our dimensions and android de-
sign—about 1.5 to 2 meters in height with mobile arms about one meter 
long ending in manipulative tools—can readily handle fire. An android 
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organism the size of an ant would be far too small because the heat would 
kill it long before it was even several body-lengths from the flames. Even 
an organism the size of a small dog (one tenth the dimensions of a mod-
ern adult human, 20 centimeters tall), possessed of our android design 
and all our unique anatomical adaptions, would face enormous difficul-
ties in attempting to manipulate fire. Although the recently discovered 
species of diminutive humans Homo floresiensis2 did use fire, it seems 
likely that a species any smaller than their reported height of 3.5 feet 
would have difficulty in maintaining a sufficiently hot fire and building 
the types of kiln necessary for metallurgy.

Figure 4-2: Only one of these is the right size to make and use fire.

In a fascinating article some time ago in the American Scientist en-
titled “The Size of Man,” the author W. F. Went pointed out that small 
organisms like “ants or small rodents would have to keep too far away” 
and “would be unable to bring up enough wood to keep the fire going.”3 
In sum, “fire… is only possible with a sufficiently large mass of com-
bustible material which happens to be just correct for use by agents or 
devices on a scale of human dimensions.”4 

Manipulation of the actual fire aside, our size is also critical in car-
rying out the peripheral activities needed to build and use fire and to 
develop metallurgy, such as chopping and carrying wood, or mining the 
materials from which fire can extract the useful metals. As Went com-
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mented: “A 3-ft man could neither cut lumber nor excavate a mine in 
solid rock… Man has adjusted his activities to his particular size; this 
happened to be sufficient for exploiting fire, hunting larger animals, cut-
ting and splitting wood, and mining minerals.”5 [my emphasis]

Stephen J. Gould alluded to the same point: “Kinetic energy, in some 
situations, increases as length raised to the fifth power.”6 And he goes on 
to confess “a special sympathy for the poor dwarfs who suffer under the 
whip of cruel Alberich in Wagner’s Das Rheingold. At their diminutive 
size, they haven’t a chance of extracting, with mining picks, the precious 
minerals that Alberich demands.” Hu Berry made the same point: “Ants 
cannot use tools like, for example, a hammer because an ant-sized ham-
mer will have too little kinetic energy to drive an ant-sized nail.”7 Organ-
isms significantly smaller than ourselves, even possessed of our android 
design, lacking the power to hew wood or mine metal ores, would not 
only be unable to manipulate an actual fire—they would be unable to 
habitually procure large blocks of wood to fuel the fire and could not 
mine for metal ores. Neither fire nor metallurgy would be possible. 

But would a bipedal primate of our android design but much larger 
than modern humans be feasible? Probably not. Even as we are, we pay 
a price for our bipedal posture. For one thing we suffer a number of or-
thopedic problems. The design of a bipedal primate of, say, twice our 
height would be severely constrained by gravity and structurally prob-
lematic to say the least. Because mass (and weight) increases as L3 while 
the strength of bone and the power of muscles increases by L2, increasing 
the width of limbs and the size of muscles faces diminishing returns. J. 
B. S. Haldane made this point with characteristic lucidity in his essay 
“On Being the Right Size”: 

Consider a giant man sixty feet high—about the height of Gi-
ant Pope and Giant Pagan in the illustrated Pilgrim’s Progress of 
my childhood. These monsters were not only ten times as high as 
Christian, but ten times as wide and ten times as thick, so that their 
total weight was a thousand times his, or about eighty to ninety tons. 
Unfortunately the cross-sections of their bones were only a hundred 
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times those of Christian, so that every square inch of giant bone 
had to support ten times the weight borne by a square inch of hu-
man bone. As the human thigh-bone breaks under about ten times 
the human weight, Pope and Pagan would have broken their thighs 
every time they took a step. This was doubtless why they were sit-
ting down in the picture I remember. But it lessens one’s respect for 
Christian and Jack the Giant Killer.8

In addition to the gravitational constraint, there are kinetic energy 
constraints on being too big, as was pointed out again by F. W. Went in 
the American Scientist: 

Consideration of Kinetic energy show us another fundamental 
difference between the macro-world of man and the micro-world 
of insects and small creatures. The numerical values of kinetic en-
ergy actually give us a good clue as to the optimal size of man. A 2 
m tall man, when tripping, will have a kinetic energy upon hitting 
the ground 20–100 times greater than a small child who learns to 
walk. This explains why it is safe for a child to learn to walk; whereas 
adults occasionally break a bone when tripping, children never do. 
If a man were twice as tall as he is now, his kinetic energy in falling 
would be so great (32 times more than at normal size) that it would 
not be safe for him to walk upright. Consequently man is the tallest 
creature which could walk on two legs [an ostrich is the only com-
parable species but it is about the same height as man]. The larger 
mammals can become taller, because they are more stable on their 
four legs.9

Vogel makes the same point: “Tripping is a potential danger to cows, 
horses, and the like… we run a similar risk even at a lower body mass; 
the upright posture of humans gives us an unusually great height relative 
to our [body] mass.”10 

There is no escape by envisaging a giant man like Pope or Pagan on 
a smaller planet where gravity and kinetic forces might present less of a 
challenge. Worlds significantly smaller than the Earth, where gravita-
tional and kinetic constraints are less, tend to lose their atmospheres and 
precious oxygen, as discussed in Chapter Two. 
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In short, there are compelling physical reasons why we must be ap-
proximately the size we are, to use fire and to possess sufficient strength 
to mine for ores and hew wood, develop metallurgy, construct metal 
tools, develop a sophisticated technology, have a knowledge of chemistry 
and electricity, and explore the world. It would appear that Man, defined 
by Aristotle in the first line of his Metaphysics as a creature that desires 
understanding,11 can only accomplish an understanding and exploration 
of our particular world (the universe with the laws of nature as they are), 
in an android body of approximately the dimensions of a modern human. 

The Right Strength 
Standing up and maintaining our upright posture is only possible be-
cause we possess muscles of sufficient power to resist the downward pull 
of gravity. Even a trained athlete finds it hard to lift much more than his 
own weight above his head. An ant, however, can easily lift many times 
its own weight, without training and seemingly without effort, and carry 
it back over all manner of obstacles to the nest. How is it that an ant 
appears proportionately so much stronger than a trained human weight 
lifter? In his book Scaling, Knut Schmidt-Nielsen explains why: “When 
we see an ant carrying in its jaws a seed that weighs more than the ani-
mal itself, we gain the impression that its muscles must be inordinately 
strong. However, measurements of insect muscles show that they are not 
stronger. In fact, they exert the same force per unit cross-sectional area 
as vertebrate muscles.”12 The answer is related to size. With decreasing 
size of an animal, its volume, or mass: 

decreases in proportion to the third power of L [its length measure-
ment], but the cross-sectional area of muscles (which determine the 
force they can exert) decreases only as the square of L. Thus, the 
force exerted by muscles, relative to mass, increases in proportion 
to the decrease in L. This is the reason that the ant appears to have 
muscles of unmatched strength.13

Again, it’s a matter of scaling! As size increases, the mass or weight of 
an organism increases by the cube of its length, while muscle power only 
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increases by cross-sectional area, i.e., the square of its length! This means 
that the power of muscles imposes yet another limit on our size as an up-
right bipedal organism in addition to the fact that the strength of bones 
varies, as Haldane points out, as their cross-sectional area (L2) while the 
kinetic force (breaking force) imposes another limit on possible height. 

Figure 4-3: Our muscles are the right strength to make and use fire.

If the force exerted by muscles was not very close to what it is, large 
terrestrial organisms—our size and bigger—that must resist the down-
ward pull of gravity and must face the L2/L3 “scaling challenge” would 
be impossible. It is worth noting in this context that although the size 
range of organisms is enormous, we are just about as big as most organ-
isms get,14 and certainly we are just about as big as an upright bipedal 
organism could be. As Steven Vogel points out, “Only a little more than 
an order of magnitude separates us from the largest living things, but six 
to seven orders lie between us and the smallest.”15 [my emphasis]. 

The muscles of all organisms have the same basic design, consisting 
of densely packed arrays of the basic contractile elements known as mo-
lecular motors. Movement comes about as a result of a sequence of three 
conformational changes.

As I described in Nature’s Destiny, Chapter Eleven: 

[E]ach basic working component in the muscle cell is an indi-
vidual protein molecule consisting of a long tail and short head 
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rather like an elongated tadpole, known as a myosin motor. Move-
ment comes about as a result of a sequence of three conformational 
changes. First, the myosin head attaches itself to another long fibril-
lar molecule known as actin… Second… the head bends suddenly—
the power stroke—and this bending causes the myosin molecule and 
the actin to move in opposite directions. Third… the head unbends 
and attaches itself to the actin… The sequence is repeated again, and 
gradually, via a series of small steps, the two molecules slide past 
each other.16 

Recent work has also shown that each myosin head moves about 8 
nanometers with each power stroke and that the heads are stacked in 
the muscle fibrils in a helical conformation about 14 nanometers apart.17 

Each of these tiny units has the same strength, so they exert the same 
“pulling” force per cross-sectional area. 

From consideration of the geometrical constraints on the size and 
movement of the myosin heads, it is likely that no further improvement 
in muscle power can be achieved by increasing the density of packing of 
the myosin motors. They are packed as tightly as possible!18 As Schmidt-
Nielsen points out, it is unreasonable to expect that this mechanism 
could be improved to provide a greater force per cross-sectional area, for 
the maximal force should be related to the number of filaments that can 
be packed within that area, and this again depends on the size of the 
protein molecules that make up the filaments: 

All muscle contraction we know about is based on sliding fila-
ments of actin and myosin, and if we could pack more filaments into 
a given cross-sectional area, the force would be increased. This is 
most unlikely because the diameter of the filaments is determined 
by the size of protein molecules that make up the filaments, and 
their size is probably determined by the requirement of the molecu-
lar mechanism.19 

Increasing the power of muscles by increasing the force of the indi-
vidual power strokes that each myosin head makes as it bends and push-
es on the actin fiber is also difficult to envisage. Recent measurements of 
the force of an individual power stroke show that this is about three pi-
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conewtons, and this is already several times greater than the strength of 
individual weak bonds.20 Because it is the weak bonds which hold all the 
cell’s constituents together, including the components of the myosin mo-
tor and the actin fiber on which it pushes, it is impossible to increase the 
force of the power stroke to any significant degree or each stoke would 
cause damage not only to the myosin motor itself but also to other deli-
cate adjacent structures in the cell, including the actin fiber.

The evidence overall suggests strongly that, for fundamental reasons, 
the maximum power stroke of any sort of molecular motor cannot be 
much greater than it is. And since the packing of the myosin motors 
in muscle tissue is virtually crystalline and just about as tight as pos-
sible, muscles cannot be designed, on biological principles, to generate 
any greater degree of power. If either the tightness of packaging or the 
power of the motors had to be less for some reason in a counterfactual 
world, then organisms of our size and weight would not be feasible be-
cause their muscles would be unable to generate the necessary mechani-
cal forces to lift their bodies off the ground and perhaps no movement of 
any sort would be possible. 

Increasing the percentage of the body’s mass devoted to muscle is also 
not an option. As it is, mammals invest 40 percent of their mass in mus-
cle,21 and—as every medical student comes to learn when first dissecting 
the human body at medical school—our limbs are almost entirely com-
posed of muscles. It would be simply impossible to redesign the human 
body to compensate for muscles only half as powerful by increasing the 
proportion of muscles. Such a strategy would be a matter of diminish-
ing returns, because as the volume of the muscles increased, their weight 
would increase proportional to L3 while their strength would only in-
crease by L2. No large terrestrial organism built on biological principles 
could be designed to move with muscles much less than half as powerful 
as they are. And muscles cannot be redesigned to generate greater force 
per unit volume. 

Even muscles only slightly less powerful would create major design 
problems. For example, the strength of the grip of the human fingers 



56   / Fire-Maker / 

is generated by extrinsic muscles in the forearm and not by the small 
muscles in the hand itself. Given the existing contractile power of mus-
cle, this placement of the grip muscles in the forearm is not in the least 
bit gratuitous but of absolute necessity. The muscle bulk necessary to 
provide the required strength of grip cannot be accommodated in the 
hand. The fact that it is necessary, even with the strength of muscles as 
they are, to place the muscle generating grip in the forearm indicates 
the tremendous difficulties that would be encountered in attempting to 
redesign the human frame to handle fire and to inhabit a planet the size 
of the Earth if muscles were even slightly less powerful. It is astonishing 
that the design of the musculature in the arm of man and even the place-
ment of specific muscle groups can be explained to a very large degree 
from consideration of the force delivered by one individual molecular 
motor. 

 The strength of muscles is relevant to more than the movement of 
our limbs and the maintaining of an upright posture. Muscles based on 
the same basic design provide the heart with its ability and the strength 
to pump the blood. And it is muscles that move the chest during respi-
ration. If the basic myosin power stroke were significantly less power-
ful, then the circulatory and respiratory system in beings of our size and 
weight would be impossible. We would be unable to stand or breathe or 
pump the blood around the body. 

The power stroke of the myosin motors must not only exert the force 
it does; the energy requirements to drive it must also be close to what 
they are. The delivery of oxygen to the tissues in an organism like man 
is constrained by atmospheric conditions (the danger of fire and oxygen 
toxicity if the partial pressure of 160 mm Hg of oxygen in the atmo-
sphere were significantly higher) and the necessity for an area the size of 
a tennis court (about 100 square meters)22 for gaseous exchange in the 
lungs, as well as the constraints on capillary design and function. Based 
on these varied constraints, it is virtually impossible to envisage any sort 
of radical redesign of either the circulatory or respiratory systems in 
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complex organisms which would double or triple the delivery of oxygen 
to muscle tissues and the production of metabolic energy. 

As it is, during strenuous activity, much of the volume of active mus-
cles is made up of blood capillaries. If the power stroke of our molecular 
motors were cut in half or was a third as efficient in terms of energy uti-
lization, i.e., if they required two or three times more ATP or metabolic 
energy, then large complex forms of life dependent on muscles for motil-
ity would in all probability be impossible. 

Given that muscle power (force per cross-sectional area) cannot be 
increased and is virtually the same throughout the animal kingdom, and 
given that mass increases proportional to L3, it is clear that organisms of 
our size are near the limit of what is practical given the power of muscles. 
Again, it’s a close call. 

It is evident that to stand upright the strength of our muscles and our 
dimensions must be very close to what they are. A miniature human, 
built on the same biological principles but only one half or one-third our 
size (possessed of only a fraction of our strength) would have consider-
able difficulty in cutting and manipulating logs of much more than a few 
kilos in weight. Such a being would be restricted to making fires using 
small twigs and whether the heat and sustainability of such fires would 
have sufficed for the discovery of metals and for the development of met-
allurgy is open to question. As we have seen, metallurgy necessitates 
high temperatures of many hundreds of degrees and this requires prop-
erly designed kilns and the use of large quantities of wood or charcoal.23 

Nerve Conduction
There is another condition that must be satisfied if an organism the 
size of Homo sapiens is to stand tall and intelligently manipulate the en-
vironment and handle fire. Yes, we must be the right size and android 
design; yes, we must have muscles sufficiently powerful to resist gravity 
and raise us off the ground. But, in addition, our muscular activity must 
be finely controlled. This necessitates fast reflexes and fast nerve conduc-
tion velocities. Fortuitously, nature obliges again. 
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Catching a ball, rowing a canoe, dodging a wave as it breaks on the 
shore, blinking an eye to prevent small objects from impacting on the 
cornea, coordinating the various muscles groups involved in movement, 
coordinating eye movements to maintain focus on a moving object or 
to compensate for motion while walking or running, handling and ma-
nipulating moving embers of a fire—all these require rapid reflexes. 

Figure 4-4: Our fast nerve conduction in the eyes and limbs makes our 
utilization of fire possible.

One area where very fast nerve conduction is vital is vision, more spe-
cifically, in keeping the eyes fixed on some object in the field of vision 
while in motion. With each step, the head moves and so do the eyes. If 
it were not for the speed of what is known as the vestibular-ocular reflex 
(VOR), vision in motion would present considerable difficulty. 

But it’s not just keeping the eyes on a target that necessitates very 
fast nerve conduction. Just keeping our balance when we walk requires 
continual second-by-second assessments of the position of the limbs in 
space and continual simultaneous coordinated contraction and relax-
ation of different muscle groups. Patients with the disease Hereditary 
Spastic Paraplegia, for example, have slow nerve conduction speeds due 
to degeneration of the peripheral afferent nerves carrying sensory infor-
mation to the brain. This causes them to have great difficulty balancing 
and walking.24
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The rapid reflexes necessary for an organism the size of a human to 
carry out finely coordinated motor activities (especially for very fast re-
flexes like the VOR) are only possible because the speed of nerve con-
duction in vertebrates is very rapid. Nerve conduction speeds in differ-
ent organisms vary over more than three orders of magnitude, from 10 
centimeters per second in simple invertebrates to a maximum of 120 
meters per second in the nervous system of mammals.25 Obviously the 
fine control and coordination of muscular activity and motion is only 
possible because such relatively rapid speeds of nerve impulse conduc-
tion are in fact possible. This is fast enough to enable rapid reflexes in 
animals of our size. But just fast enough! No less than muscle power, the 
speed of nerve conduction imposes an absolute limit on the maximum 
size that an animal can attain. No animal can be 100 meters long and 
at the same time be nimble. Even at the fastest conduction speeds, in a 
100-meter long organism, a nerve impulse will take two seconds to travel 
from the brain to its extremities and back. An organism our size could 
never handle fire or undertake any sophisticated manipulation or explo-
ration of the world if the maximum speed of nerve conduction were ten 
or a hundred times less. Indeed, we would probably be unable to func-
tion in any way imaginable to us.

In addition to fast conduction speeds, there is another criterion that 
must be satisfied for nerves to be fit to coordinate muscle activity in or-
ganisms like ourselves. Each muscle is innervated by hundreds, if not 
thousands, of individual nerve fibers. As Schmidt-Nielsen points out, 
“vertebrate muscles… are controlled by nerves that carry hundreds or 
thousands of single axons” (nerve fibers).26 These are between 5 and 20 
microns in diameter.27 Clearly, if these individual axons had to be much 
bigger for some reason to attain the necessary speeds of 120 meters per 
second, this would necessitate “nerve trunks of inordinate size.”28

For example, if vertebrate nerve fibers had to be the size of the fast 
conducting axons of invertebrates, which are up to a millimeter in diam-
eter (fifty times the diameter of the fastest axons in mammals), then the 
nerve cords in mammals would be simply too large to fit into the body. 
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As Schmidt-Nielsen points out, the optic nerve in humans has a diam-
eter of three millimeters; if it were to contain the same number of fibers 
the size of large invertebrate axons conducting at the same speed as those 
in the optic nerve, this would require a diameter of 300 millimeters or 12 
inches—larger than the head.29 And the nerves supplying the muscles of 
the arm would have to be larger than the arm!

The reason that vertebrate nerves can attain such high conduction 
speeds and remain far smaller than invertebrate nerves is because of a 
crucial design difference that permits the very rapid conduction of im-
pulses. As Schmidt-Nielsen explains, rapidly conducting vertebrate ax-
ons are covered in a thin sheath of a fat-like substance, myelin, “which is 
interrupted at short intervals to expose the nerve membrane,” and “the 
exposed sites are known as nodes.”30 These nodes are separated from 
one another by a fraction of a millimeter up to a few millimeters.31 This 
design allows for what is termed “saltatory conduction,” where the nerve 
impulse, instead of travelling sedately and continuously down the axon, 
jumps from node to node, vastly increasing the speed of transmission.32 
The great advantage of myelinated axons comes from their small size, 
which allows a highly complex nervous system with high conduction ve-
locities without undue space occupied by the bundles of nerve fibers that 
make up the major nerve trunks.

Consideration of the basic characteristics of nerve impulse propaga-
tion suggests that the speed of conduction in mammals is close to the 
maximum possible that is compatible with the electrical properties and 
general design of cells. The speed of nerve conduction is determined by a 
number of biophysical factors, such as the speed  with which sodium and 
potassium ions are transported across the lipid bilayer membrane, itself 
a physical constant. The existence and characteristics of the membrane 
are determined by the inherent insulating character of the lipid bilayer 
that surrounds all animal cells, which is the only structure known that is 
fit to serve as the bounding membrane of the cell. 

In a counterfactual world in which the speed of nerve conduction 
was much less than 120 meters per second, or in which the size of axons 
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had to be much more than 20 microns in diameter, beings of our size 
with our abilities of fine-motor coordination would be impossible. What 
this means is that the functioning of the nervous system in humans (and 
other mammals) is entirely dependent on the fact that speeds of 120 
meters per second can be achieved with axons of less than 20 microns 
in diameter. This allows for nerve trunks that take up very little of the 
volume of the body, but can carry thousands of nerve messages to the 
muscles necessary for fine motor control and can carry information back 
to the central nervous system about heat, pain, touch, and spatial coor-
dination from the various sense organs in the periphery.

Finally, in addition to the unique fitness of our size and android de-
sign for the mastery of fire and the unique fine tuning of nature which 
makes our fire as well as our biological being possible, it is worth reflect-
ing on the further deep implications of our upright stance. As Leon Kass 
comments:

Human uprightness is nothing superficial; our peculiar form is 
reflected in every detail of our deep structure, somatic and… psy-
chic. 

Upright posture is a matter not merely of static shape, of flat-
footed two-leggedness or mere verticality. It also conditions all our 
relations to the world and colors all our experiences of ourselves act-
ing and suffering in the world.33 

We are not just a fire-maker because of our upright stance and an-
droid design, the same unique design played a critical role also in shaping 
many aspects of our humanity. 
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Figure 5-1: Our planet’s fitness for the use of fire is only only one part of 
its amazing fitness for life like ours.



5. Conclusion
A common sense interpretation of the facts suggests that a superintellect has 
monkeyed with physics, as well as with chemistry and biology, and that there 
are no blind forces worth speaking about in nature. The numbers one cal-
culates from the facts seem to me so overwhelming as to put this conclusion 
almost beyond question.

Fred Hoyle, “The Universe: Past and Present Reflections,” Science and 
Engineering 20 (September 1982): 1–36

The cosmos is fit for life in far more ways than touched on 
here. But the evidence we’ve discussed relating to the harnessing of 

fire is nonetheless instructive. 
 The same atmosphere that is fit for human respiration and fire (or 

combustion) is also fit in completely different ways for photosynthesis by 
allowing through just the right light and excluding the dangerous wave-
lengths in the far UV, gamma, and X-ray regions of the electromagnetic 
spectrum. So the atmosphere which is fit for fire and human respira-
tion is the very same atmosphere which is fit to produce the necessary 
reactants—reduced carbon compounds and oxygen—for both fire and 
respiration in the first place. 

Again, the fitness of nature for fire in the ambient temperature range 
is also highly fortunate. The temperature range that is fit for organic 
chemistry and hence for the existence of carbon-based life forms like 
ourselves is also the temperature range in which water is a liquid, the 
one fluid that is uniquely and supremely fit in so many ways for life on 
Earth. Adding to the wonder, the very same temperature range is fit for 
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the manipulation of metals, which provided the major stepping-stone on 
the route to twenty-first century technology and civilization. 

Nor does the fitness stop at environmental factors. There are clearly 
elements of what I call generative fitness in nature that allow for the de-
velopment of embryos, for example, and for the origin and development 
of life on Earth.1 

Figure 5-2: Lawrence Henderson’s classic The Fitness of the Environment 
(1913) explores how our environment is fit for carbon-based life.

Overall, the evidence suggests that the cosmos is uniquely fit for be-
ings of our biology to thrive on a planet like the Earth and to master fire 
and develop complex advanced technologies. Surely there could not be 
an equivalent ensemble of fitness in nature for some other type of life. 
Lawrence Henderson made the same point in his classic Fitness of the 
Environment when he argued that the sorts of ensembles of fitness which 
make carbon-based life possible are so absurdly improbable that they 
are almost certainly unique, without any analogue in any other area of 
chemistry or physics.2 This implies that if there are intelligent denizens 
of other worlds possessed of an advanced technology, they will closely 
resemble ourselves: carbon-based life forms obtaining their metabolic 
energy by oxidation and breathing air close in composition to that of the 
atmosphere of Earth.

Two caveats. First, the evidence that the cosmos is uniquely fit for 
beings of our biology and for our mastery of fire does not prove that the 



5. Conclusion  /  67

fitness is specifically for our particular species on our particular planet 
(the third rock from the Sun). There may be billions of Earth-like plan-
ets in the cosmos, although the search to date by Kepler has not yielded a 
single planet closely resembling the Earth.3 Second, the unique fitness of 
nature for life on Earth is a scientific fact, whatever its ultimate causation 
finally proves to be. The unique fitness of nature for carbon-based life 
and intelligent beings of our biology is an empirical discovery, no matter 
how many cogent arguments a skeptic might introduce to counter any 
claim that the fitness is the result of design. Fitness is a fact whether it 
is manifest only on Earth or on a myriad of planets throughout the uni-
verse, and whether it is the result of design or not! 

 Whatever the ultimate causation may eventually prove to be, as it 
stands, the evidence of fitness is at least consistent with the notion that 
the fine-tuning for life as it exists on Earth is the result of design. 

Figure 5-3: Alfred Russel Wallace, the co-discoverer of evolution by natural 
selection, argued that nature was fit not just for life, but for human life, in his 
book The World of Life (1910).

Over a century ago, Alfred Russel Wallace, co-discoverer of natural 
selection along with Charles Darwin, remarked upon the extraordinary 
fitness in nature that gifted humanity with the ability to explore and 
understand our universe. Speaking of the metals that fire releases from 
the rocks and which allowed us to do science, he asked: 

Is it... a pure accident that these metals, with their special physi-
cal qualities which render them so useful to us, should have existed 
on the earth for so many millions of years for no apparent or possible 
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use; but becoming so supremely useful when Man appeared and be-
gan to rise towards civilization?4

Wallace’s view cannot be dismissed lightly. Over the past century, 
some extraordinary examples of the fitness of certain metals for very 
specific technological ends have come to light. In a fact sheet published 
by the US Geological Survey, the authors point out some of the various 
uses of the so-called “Rare Earth Metals”: 

The diverse nuclear, metallurgical, chemical, catalytic, electrical, mag-
netic, and optical properties of the [rare earth metals] have led to an ever 
increasing variety of applications. These uses range from mundane (lighter 
flints, glass polishing) to high-tech (phosphors, lasers, magnets, batteries, 
magnetic refrigeration) to futuristic (high-temperature superconductivity, 
safe storage and transport of hydrogen for a post-hydro-carbon economy).5 

Although the current Zeitgeist would have us believe that humanity 
is little more than a cosmic accident, one of a million different possible 
outcomes that happened to arrive and survive on an unexceptional plan-
et, the evidence examined in this short book suggests otherwise—that 
whatever the causation of the fine tuning, we are no accident of deep time 
and chance. On the contrary, as Freeman Dyson famously proclaimed, 
from the moment of creation “the universe in some sense must have 
known that we were coming.”6 
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