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 Solving these equations is extremely difficult. Four men led the attempts. Apart 
from Einstein and Lemaître, the other two were the Dutch astronomer Willem de 
Sitter and the Russian meteorologist Alexander Friedmann.

Simplifying assumptions: isotropy and omnicentrism
All of them made two simplifying assumptions: at any given time the universe 
appears the same in whatever direction we look (it is isotropic) and this is true 
if we observe the universe from anywhere else (it is omnicentric). These two 
assumptions necessarily mean that the universe is the same at every point (it is 
homogeneous).*
 The isotropic assumption clearly is not totally valid: the stars in our own galaxy 
form a distinct band of light across the night sky, which we call the Milky Way. 
However, the assumptions were made for three reasons: (a) intuition that this 
was a good approximation on the scale of the universe; (b) a belief that we do 
not occupy a special, or privileged, place in the universe, just as Copernicus had 
demonstrated that we do not occupy a unique place in the solar system; and (c) 

* Isotropic means that to an observer the universe appears the same in every direction. 
Homogeneous means that the universe is the same at every point. These are not neces-
sarily the same. For example, a universe with a uniform magnetic field is homogeneous 
since all points are the same, but it is not isotropic because an observer sees different 
magnetic field lines in different directions. Conversely, a spherically symmetric distri-
bution of material is isotropic when viewed from its central point, but it is not 
necessarily homogeneous: the actual material at one point may not be the same as that 
at a different point in the same direction. However, if we assume that the distribution 
of material is isotropic when viewed from every point, then the universe is necessarily 
homogeneous.

Figure 3.1 Two-dimensional representation of the curvature of space-time round 
a spherical mass like a star
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cosmology The study of the origin, nature, and large-scale structure of 
the physical universe, which includes the distribution and interrelation of 
all the galaxies, clusters of galaxies, and quasi-stellar objects.

Relativity theory had played a crucial role in investigating the universe as a whole 
compared with astronomy’s traditional focus on individual stars and galaxies. 
Theoretical and experimental particle physics, plasma physics, and quantum 
physics were now used to examine what happened at, and immediately after, the 

Figure 3.2 Two-dimensional representation of the geometry of Friedmann 
universes (no arbitrary cosmological constant)

A closed geometry is the three-dimensional analogue of the surface of a sphere: a triangle 
in this geometry contains more than 180°, and the circumference of a circle is shorter than 
π times the diameter. An open geometry is the analogue of a hyperbolic, or saddle-shaped, 
surface: a triangle in this case contains less than 180°, and the circumference of a circle is 

longer than π times the diameter. A flat geometry is the Euclidean geometry with which we 
are familiar: each triangle contains exactly 180°, and the circumference of a circle is exactly 

π times its diameter. Each spatial geometry changes with time according to the scale, or 
expansion, factor of the universe. If we introduce a nonzero cosmological constant, however, 

then any type of geometry can occur with any type of time evolution.
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Big Bang when the universe was incredibly tiny and hot. When scientists applied 
these different disciplines to the Big Bang model they found four problems.

Magnetic monopole
Particle and plasma physicists theorized that the extremely high temperature 
and energy of the plasma immediately after the Big Bang should have created 
magnetic monopoles, which are particles with only one pole of magnetic charge 
instead of the usual two.* Indeed, using relativity theory, they calculated that the 
Big Bang should have produced enough to make one hundred times the observed 
energy density of the universe.8

 Not a single magnetic monopole has been detected in the universe.

Homogeneity
The two assumptions in the orthodox model produce a universe that is homoge-
neous, or completely uniform, whereas all other solutions of Einstein’s field 
equations without these assumptions produce irregular universes.

* See Glossary for full definition.

Figure 3.3 The evolution of Friedmann’s universes
With no cosmological constant a mass density high enough to reverse the expansion leads to 
a closed universe; a low mass density is insufficient to reverse the expansion, which continues 
at a constant rate leading to an open universe; a critical mass density bordering the two has a 

flat geometry: it will expand forever, but at an ever decreasing rate.
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 But if it is to be more than a mathematical constant that theorists can arbitrarily 
insert into their equations and fiddle about with its value until their solutions 
match observation, it must actually mean something in the real world. Particle 
physicists thought it represented the zero point, or quantum mechanical ground 
state, energy of the universe: that is, the lowest possible energy of the universe, 
which is the energy associated with the vacuum of empty space. But when they 
calculated its value this way it turned out to be an enormous 120 orders of 
magnitude greater than that observed by astronomers.4

 Theoretical physicist Martin Kunz and his colleagues threw a spanner in the 
Lambda works by pointing out that, first, there is a large spread in the astronomical 
data and, second, interpretation of the data is implicitly sensitive to assumptions 
about the nature of the dark energy. They suggested that by comparing data on a 
range of astrophysical phenomena it might be possible to rule out a cosmological 
constant as the origin of dark energy.5

 Another particle physicist, Syksy Rasanen of CERN, threw a further spanner 
by proposing that the accelerating expansion of the universe is driven not by a 
mysterious dark energy but, paradoxically, by a continuously greater decrease in 
the expansion rate of those small regions of space dominated by matter. As these 
regions suck in more matter by their gravitational attraction, they condense and 
become a progressively smaller—and less important—percentage of the universe’s 
volume. The expansion of the voids continues unchecked as they become a 
progressively larger percentage of the universe’s volume. The overall effect, 

Figure 4.1 Orthodox cosmology’s history of the universe
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An imaginary number is one which, when multiplied by itself, gives a negative 
number. For example, i multiplied by itself equals –1, while 2i multiplied by itself 
equals –4.
 The result of this work, which he developed with Jim Hartle in 1983, was 
to produce a universe in which time and space are finite but without any 
boundaries.1 A simplified two-dimensional analogue of the Hartle-Hawking four-
dimensional space-time universe is the surface of the Earth, which is finite but has 
no boundaries, as shown in Figure 5.1.

 Here the universe starts in the Big Bang with zero size at the equivalent of the 
North Pole, expands in imaginary time to reach maximum size at the equivalent 
of the equator, and contracts in continuing imaginary time to end in a Big Crunch 
with zero size at the equivalent of the South Pole. Just as the laws of physics hold at 
the real North Pole of the Earth’s surface, so too they hold at imaginary time zero.
 This solution describes a universe in which, according to Hawking, “There 
would be no singularities at which the laws of science break down and no edge of 
space-time….The boundary condition of the universe is that it has no boundaries. 
The universe…would neither be created nor destroyed. It would just BE.”
 Hawking concedes that when we go back to the real time in which we live, there 
will still appear to be singularities, but suggests that what we call imaginary time 
might actually be the real time while what we call real time is just a figment of our 
imagination.
 This ingenious proposal solves many of the problems of cosmology’s orthodox 
model, not least of which is creation from nothing. However, Roger Penrose, who 
co-authored with Hawking the mathematical proof that there must have been a 
Big Bang singularity provided that the General Theory of Relativity is correct,* 

* See page 39.

Figure 5.1 Simplified two-dimensional representation of the surface of the Hartle-
Hawking no-boundary universe compared with the surface of the Earth
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acts as a repulsive force that ejects this newly created matter and radiation from 
the NBH, which may be thought of as a “white hole”.
 In the QSSC model the cosmological constant is negative, whereas in the 
orthodox model it is positive. Thus the newly created matter and radiation is 
subject to the two attractive forces of gravitation and the cosmological constant 
and to the repulsive force of the creation field. Initially the latter dominates, 
and matter and radiation are ejected at very high speed from the NBH causing 
expansion of the universe.
 As matter expands density falls, and with it the strength of the C-field to 
the point that it can no longer create Planck particles. The attractive forces of 
gravity and the cosmological constant come to dominate and cause the universe 
to contract. Once it contracts to a sufficiently high density, the C-field becomes 
strong enough to create new matter and the next cycle begins.12

 When the theoretical basis of this was challenged, Hoyle wryly pointed out at 
a meeting of the Royal Astronomical Society in London in December 1994 that 
the relevant equations of QSSC are the same as the corresponding equations of 
inflation if you replace the Greek letter “Φ” by the letter “C”.
 Proponents of QSSC claim that it requires only one assumption, the C-field; 
the rest is derived from observation and explained by normal physics, unlike 
the orthodox model that has to invoke ideas like a quantum gravity era, an 
inflation field, grand unified theories, unknown dark matter, and unknown dark 
energy in order to preserve the Big Bang idea and maintain consistency with 
observations.

Figure 5.2 Matter creation at a near black hole (NBH)
where the growing strength of the C-Field prevents a contracting celestial object reaching a 

radius of 2GM/c2, after which it would become a black hole.
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model produces no nucleus larger than helium-4, which consists of two protons 
and two neutrons. This has by far the highest binding energy of all nuclei with a 
mass number (number of nucleons) less than 5, and is the principal product of Big 
Bang nucleosynthesis.4

 When the universe expands and cools below a hundred million degrees 
(108K), the temperature is not hot enough to cause fusion and so nucleosynthesis 
shuts down, leaving about 95 per cent of the number of nuclei as stable protons 
(hydrogen-1), 5 per cent by number as stable helium-4 nuclei, with just traces of 
deuterium, helium-3, and lithium-7 nuclei.5

 The relative abundance in the universe today of these elements* is claimed as 
powerful support for the Big Bang model, but this has been challenged.† We are 
in the realm of hypothesis.
 At this time the average density of matter is the same as the density of water 
today.

Time: 3½ minutes to 380,000 years; Temperature: 108K → 104K;  
Radius of our part of the universe: 1013cm → 1023cm

For the next 380,000 years or so the expanding and cooling universe consists 
of a plasma of these positively charged nuclei plus negatively charged electrons 
coupled to neutral photons of radiation. Initially radiation dominates because 
the energy density of the photons is very much greater than the energy density 
of matter. As the universe continues to expand and cool, however, the energy 
density of matter decreases less than that of radiation: the density of both 
photons and matter particles decreases in proportion to volume but, whereas the 

* The relative abundance is usually quoted by mass, not by number: about 75 per cent 
hydrogen, 25 per cent helium-4 (which is four times more massive than hydrogen), and 
traces of the rest.

† See page 33.

Figure 8.1 Products of the Big Bang nucleosynthesis
The isotopes of hydrogen are given special names: hydrogen-2 is called deuterium and 

hydrogen-3 is called tritium.
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they implode and then explode into supernovae, ejecting the heavier elements 
into interstellar space. Second and third generation stars form from clouds of 
interstellar hydrogen gas mixed with supernovae dust and gas, while galaxies 
evolve, thus creating the structures that we see today.
 This orthodox history of the universe is illustrated in Figure 4.1 (page 44).

Structure of the universe
As we saw in Chapter 3 the simplifying assumptions made to solve the field 
equations of Einstein’s Theory of General Relativity result in a universe that is 
homogeneous, but observations show this is not the case: it consists of many 
different structures. I shall now examine these structures in more detail, followed 
by explanations of how such structures evolved.
 A galaxy consists of stars orbiting a centre, like our own Milky Way galaxy that 
comprises some hundred billion stars and is about 100,000 light years across. 
From edge on it looks like a fried egg surrounded by more than a hundred bright 
points, which are globular clusters, tight knots of hundreds of thousands of old 
stars (see Figure 8.2); the central bulge contains old stars and, viewed from above, 
the disc appears as a spiral of younger stars plus gas and dust (see Figure 8.3). 
In addition to spiral galaxies like the Milky Way, other galaxy shapes have been 
observed, like ellipticals—thought to be spheroidal—and irregulars. Evidence 
indicates that some such galaxies result from the collision of previously separate 
galaxies.6

Figure 8.2 Milky Way galaxy viewed from side on
The central bulge consists of old stars, with a hypothesized massive black hole at is centre; the 
disc is filled with younger stars, gas and dust, while globular clusters and hypothesized dark 

matter surround the disc.
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 At the next level galaxies form local groups, like our own Local Group, 
which is a few million light-years across and consists of the Milky Way, a larger 
spiral galaxy named Andromeda that we are moving towards, plus 30 or so 
smaller galaxies. Our Local Group lies near the edge of the Virgo Cluster, which 
consists of more than a thousand galaxies whose centre is 50 million light-years 
from us.
 As Chapter 3 noted, in 1989 astronomers discovered another level of structure: 
massive, sheet-like superclusters separated by large bubble-like voids. Subsequent 
observations of larger and more distant sections of the universe with more 
sensitive instruments revealed ever larger superclusters—up to 10 billion light-
years long—whose size is limited only by the size of the survey.* These contradict 
the orthodox assumption that the universe is isotropic and homogeneous on a 
large scale.

* See page 30.

Figure 8.3 Galaxy like the Milky Way viewed from above
In the Milky Way the Sun lies off one of the spiral arms, about half way to the edge of visible 

matter from the centre around which it revolves at 220km per second, taking 200 million 
years to complete one revolution.
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Cause of star formation
Evidence for star formation comes from observations of our own solar system, 
observations of young stars, many of which are surrounded by discs of dust and 
gas, observations of giant molecular clouds in our own galaxy, and computer 
modelling.
 These studies led to the stellar nebular hypothesis according to which supernova 
explosions eject nuclei and electrons in various directions into interstellar space 
where they mix with existing interstellar gas, principally hydrogen. As they cool 
they form atoms and simple molecules of gas and dust with different velocities 
and different angular momenta. Gravitational fields separate this turbulent mix of 
supernova debris and interstellar gas into roughly spherical clouds.
 Each such dynamic nebula contracts under its own gravitational field. As it does 
so, three processes occur: its centre heats up because the gravitational potential 
energy of the infalling material converts to kinetic (heat) energy; it rotates faster 
in order to conserve its net angular momentum as its radius decreases; and it 
flattens as collisions of its gas and dust particles average out motion in favour of 
the direction of the net angular momentum.
 The vast majority of this shrinking, flattening cloud spirals into its increas-
ingly dense and massive centre of gravity, the core of which heats up sufficiently 
to begin nuclear fusion: a second-generation star is born. Most of the remaining 
gas is ejected back into the interstellar medium as huge jets along the rotational 
axis. The now flat rotating disc consists of heavier dust—mainly silicates and ice 
crystals—and gases relatively close to the star, while the stellar wind forces the 
lighter hydrogen and helium gases to the outer part of the disc. This disc has an 
uneven density, creating a variety of gravitational fields. These produce violent 
collisions and aggregations to form planetesimals which, in a few hundred million 
years, coalesce into planets that sweep up most of the remaining gas and dust as 
they orbit the star in the plane of the disc.21 See Figure 8.4.

Figure 8.4 Hypothesized star and planetary formation from spiralling nebula
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chain first operates, to temperatures between 109 and 1010 degrees when 
supernova explosions occur. The central density can also range over factors 
of about a million. Also the time-scales range between billions of years, 
which are the normal lifetimes of stars of solar mass or less on the main 
sequence, and times of the orders of days, minutes, and seconds, which are 
characteristic of the rise to explosion.3

Although the details have since been refined, no cosmologist has made a serious 
challenge to this theory, which is supported by spectroscopic evidence. We may 
reasonably conclude that all naturally occurring elements beyond helium formed 
by the following stellar nucleosyntheses.

Elements from helium to iron
Stars range from one-tenth of the mass of the Sun to more than 60 times its mass; 
smaller proto-stars would never become hot enough to begin nuclear fusion, 
while larger masses would burn up too quickly to become stable stars. The size of 
the star determines the product of nucleosynthesis.
 For small and moderately sized stars up to 8 solar masses, helium is produced 
in the core of the star by a series of nuclear fusions called the proton-proton chain, 
in which protons—nuclei of hydrogen—fuse in a chain of reactions to produce 
helium-4 plus energy in the form of heat and light. This outward release of energy 
balances the inward gravitational force of contraction so that the star remains 
stable, as illustrated by Figure 9.1, for billions of years.

 When all the hydrogen in the core has burned up, no fusion energy is released 
to counteract gravity and the star begins to collapse. Its gravitational potential 
energy transforms into kinetic energy, heating up the contracting—and hence 
denser—star. The hydrogen in the star’s middle layers becomes hot enough to fuse 
into a shell of helium around the helium core. The heat from this reaction expands 
the star’s outer layers, swelling the star far beyond its previous size. The expansion 
cools these outer layers, increasing the wavelength of the light they emit. The star 
has become a red giant.

Figure 9.1 A stable star in which the outward thermal pressure  
equals the inward pull of gravity

Gravity

Thermal
pressure
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 The star’s helium core continues to collapse until its temperature rises to 100 
million Kelvin. This is hot enough for the helium to fuse into carbon, releasing 
energy that halts further gravitational collapse and produces another period of 
stability. Depending on the size of the star—and hence its potential to generate 
increasingly higher core temperatures through gravitational contraction—this 
process either halts or continues.
 With a star of between 2 and 8 solar masses different temperatures are 
generated in the core and in various layers, giving rise to different fusion 
products, while outer layers are blown off as a stellar wind. For a star of around 
8 solar masses, thermonuclear reactions progressively fuse carbon into nitrogen, 
nitrogen into oxygen, and so on through elements of higher atomic number up 
to iron.
 Unlike the elements before it, iron-56 does not release energy when fused 
because it is the most stable of all the elements. Consequently, when the core 
consists of iron there is nothing to stop further gravitational contraction. When 
this stage is reached in larger stars, or when smaller stars have burned up their 
nuclear fuel and haven’t generated sufficient temperature through gravitational 
contraction to begin further fusion, the star collapses. In a small star this crushes 
its electrons together to form a white dwarf star; a medium-size star collapses 
further, crushing its neutrons together to form a neutron star; a larger star 
collapses still further into a black hole.
 The huge energy and shock waves generated by such a gravitational collapse 
explode into space most of the mass of the star, creating a short-lived increase in 
the star’s luminosity of up to a hundred million times its previous brightness; this 
is called a supernova.
 A star from 8 to more than 60 times the mass of the Sun undergoes similar but 
much more rapid nucleosyntheses that produce a red supergiant with successive 
layers of fusion products, somewhat like an onion as shown in Figure 9.2.

Figure 9.2 The “onion shell” model of a red supergiant
where H is the symbol of hydrogen, He of helium, C of carbon, Ne of neon,  

O of oxygen, Si of silicon, and Fe of iron
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 Once its core consists only of iron, a red supergiant, too, becomes a supernova.
 Table 9.1 summarizes the principal and secondary elements produced by 
nucleosyntheses in stars, the temperature at which the reactions occur, and how 
long it takes to use up the available nuclear fuel at these temperatures.

Table 9.1 Nucleosyntheses of the elements occurring in successive stages in 
large stars

Fuel Main product Secondary products Temperature 
(billion Kelvin)

Duration 
(years)

H He N 0.03 1 x 107

He C, O Ne 0.2 1 x 106

C Ne, Mg Na 0.8 1 x 103

Ne O, Mg Al, P 1.5 0.1
O Si, S Cl, Ar, K, Ca 2.0 2.0
Si Fe Ti, V, Cr, Mn, Co, Ni 3.3 0.01

Source: Lochner, James C et al. (2005)

Elements heavier than iron
Although a proton cannot fuse with iron-56 to produce the next element, cobalt, 
iron-56 can capture three neutrons over a period of thousands of years to create 
the unstable isotope iron-59, whereupon one neutron decays into a proton and 
an electron to create the more stable cobalt. This process of slow neutron capture 
inside stars creates many of the stable elements heavier than iron.
 The intense heat of a supernova creates a large flux of neutrons that are rapidly 
captured by nuclei to create heavier, unstable nuclei that decay into other stable 
elements, like gold, and most of the naturally occurring radioactive elements, 
like thorium and uranium, which are flung into cold interstellar space by the 
explosion.

Cosmic ray production of elements
Because the nuclei between helium and carbon are not very stable—hence the 
five-nucleon gap—very little lithium, beryllium, and boron are produced in stars. 
They are thought to be created when cosmic rays—considered to be electrons 
and nuclei ejected at near-light-speed from supernovae—collide with inter-
stellar gas and dust; the collision chips off fragments, creating nuclei of smaller 
elements.

Second- and third-generation stars
Orthodox cosmology says that clouds of interstellar gas and dust produced 
by supernovae and stellar winds undergo gravitational collapse, although the 
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Figure 9.3 Periodic Table of the Elements
As recognized by the International Union of Pure & Applied Chemistry in 2013. Claims for the discovery  

of the four elements that would complete the last row await confirmation.
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of self-organizing systems conducted between 1955 and 1975 at the University 
of Brussels by the chemist Ilya Prigogine, for which he was awarded the Nobel 
Prize, plus the work of Manfred Eigen, also a chemist, during the 1970s at the 
Max Planck Institute for Physical Chemistry at Göttingen. Put simply, they 
maintain that a complex structure can emerge from an open, disordered system 
by a flow of energy and matter through that system, and this flow can maintain the 
complex structure in a stable—but not fixed—state far from equilibrium despite 
the continuous change of components of the system. In this state the system is 
sensitive to small changes: if the flow increases, the structure encounters new 
instabilities from which new structures of greater complexity may emerge that are 
even further from equilibrium.
 Vortices in fluids provide supporting evidence: they include cyclones in the 
Earth’s atmosphere and the elaborate patterns seen on the surface of Jupiter. 
Figure 10.1 demonstrates a vortex created by airflow from the wing of an 
aeroplane.
 This illustration is strikingly similar to the spiralling nebula hypothesized to 
produce a star and its planetary system and also to a spiral galaxy. A common 
pattern does not necessarily mean a common cause, but it is suggestive.

The universe
By definition the universe comprises all the matter and energy that exists. Even if 
we allow the speculated existence of other universes in a multiverse, such universes 
have no physical contact with our universe, which is therefore an isolated system. 
Hence the explanation that decreases in entropy for local, open systems are more 

Figure 10.1 Airflow from the wing of an aeroplane made visible by a  
technique that uses coloured smoke rising from the ground



148  Part 1. The Emergence and Evolution of Matter

negatively charged electrons on the outside of each molecule is so much greater 
than the gravitational attraction between the molecules that the collisions rapidly 
result in the molecules spreading out to fill the whole of the sphere, reaching 
thermodynamic equilibrium at a uniform temperature as shown in sphere (b). 
This is a state of maximum entropy.
 Sphere (c) shows primordial molecules (about 75 per cent hydrogen and 25 
per cent helium by mass) shortly after the hypothesized Big Bang. They constitute 
all the matter in the universe and are spread over the whole of space existing at 
this time. They are in a state of extremely high entropy (disorder) while the space 

(a) (b)

(c) (d)

Figure 10.2 Comparison of entropy at a small scale and a universe scale
Sphere (a) contains molecules of a gas in an ordered arrangement (low entropy) that soon 

produces an equilibrium state of disorder (high entropy) due to molecular collisions as shown 
in sphere (b) in accordance with the Principle of Increasing Entropy. Sphere (c) contains 

primordial molecules that do the opposite. From an initial state of disorder (high entropy), 
and despite an expanding universe, they form hierarchical patterns of greater order—galaxies, 

local groups, etc.—(low entropy) as shown in sphere (d).
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 All biologists consider water in its liquid form essential for life. The reasons 
derive from the size, shape, and particular distribution of electrical charge in a 
water molecule, as shown in Figure 12.1.

 A water molecule is electrically neutral, but within the molecule electrical 
charge is distributed unevenly. The oxygen atom attracts a greater share of the 
electrical charge and is electronegative; the two hydrogen atoms are correspond-
ingly electropositive. These dipolar charges enable the electropositive hydrogen 
atoms within a water molecule to form particularly strong Van der Waals bonds* 
of attraction with electronegative atoms of other molecules; these are known 
as hydrogen bonds. Figure 12.1 shows such hydrogen bonds with other water 
molecules. Their strength means that water can remain in liquid form at much 
higher temperatures than can other small molecules like methane, carbon dioxide, 
or ammonia, which dissociate into separate molecules as gas at corresponding 
temperatures. Water exists as a liquid under normal atmospheric pressure across 
the unusually wide temperature range of 0° Celsius to 100° Celsius (273 Kelvin 
to 373 Kelvin), which is the ideal range for biochemical reactions necessary for 
reproducing and maintaining lifeforms.
 The ability of these small molecules to form hydrogen bonds also makes liquid 
water a powerful solvent both for ionic compounds, like salts, and for organic 
molecules that also have an uneven distribution of electrical charge, like amino 
acids, which are so fundamental to known lifeforms that they are called the 
building blocks of life.
 The hydrogen bonds can prove stronger than the covalent bonds joining the 
single oxygen atom to two hydrogen atoms, breaking the latter so that two liquid 
water molecules form a positive hydronium ion, H3O

+, and a negative hydroxyl 
ion, OH-.

H2O + H2O → H3O
+ + OH-

* See page 138.

Figure 12.1 Hydrogen bonds in liquid water molecules
where d+ and d- represent dipolar electrical charges
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Characteristics of the Earth
The Earth is approximately spherical, with a slight bulge at the equator, and has 
a mean diameter of 12,700 kilometres. It has a mass of about 6 x 1024 kilograms 
and a strong magnetic field. It orbits its star, the Sun, in a slightly elliptical 
plane once every 365 and a quarter days at a mean distance of 149 million 
kilometres. It rotates once every 24 hours around its axis, which is tilted 23.5 
degrees from the perpendicular to the elliptical plane of orbit as shown in 
Figure 12.2.
 Orbiting the Earth at an average distance of 384,400 kilometres is its only 
natural satellite, the Moon. With a diameter of just over a quarter that of Earth 
(and almost three-quarters that of the planet Mercury), the Moon is unusually 
large compared with its planet.

Figure 12.2 The Earth, showing its axis of rotation tilted by 23.5° from the 
perpendicular to the orbital plane

Internal structure
The impossibility of directly accessing all the Earth’s interior, combined with 
differing interpretations of data such as wave patterns from earthquakes, leaves 
some areas of geology still in dispute. Figure 12.3 shows the current consensus 
view of the Earth’s internal structure.



168  Part 2. The Emergence and Evolution of Life

Hydrosphere
Approximately two-thirds of the Earth’s surface is covered by water in the form 
of oceans, seas, and rivers. The depth of this hydrosphere varies from 0 to about 
5 kilometres.

Atmosphere
The gaseous layer of the Earth extends up to 10,000 kilometres above the solid 
and liquid surfaces, but the first 65–80 kilometres contain 99 per cent of the total 
mass of the Earth’s atmosphere. It comprises by density approximately 78 per cent 
nitrogen, 20 per cent oxygen, 1 per cent argon, and the remaining 1 per cent a 
mixture of other gases, including water vapour, whose concentration increases 
with temperature, and 0.003 per cent carbon dioxide; a layer about 19–50 
kilometres above the surface contains ozone, a form of oxygen with three, instead 
of two, atoms per molecule.

Magnetosphere
In principle a magnetic field extends indefinitely. In practice the Earth’s magnetic 
field produces significant effects up to tens of thousands of kilometres from 
the surface and is called the magnetosphere. The solar wind deforms the usual 
symmetrical shape of a magnetic field, as shown in Figure 12.4.

Biosphere
The biosphere comprises all environments capable of supporting life as we know 
it. A thin shell ranging from about 5 kilometres below to 5 kilometres above sea 

Figure 12.3 Diagram of the Earth’s structure
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level, it covers part of the lithosphere (the solid outer layer of the Earth), most of 
the hydrosphere, and part of the atmosphere.

Formation
Evidence
Evidence of how the Earth and its outer spheres developed is hard to find. Nothing 
on the surface remains from the planet’s formation: rock has been eroded by 
weather, or metamorphized by heat and pressure that produced structural and 
chemical changes, or melted by greater heat when pushed into the interior by a 
process known as subduction; the dating of ancient surface rocks is controversial, 
but the oldest are thought to be around 3.8 billion years, some 700 million years 
younger than the Earth’s formation. The hydrosphere has continually recirculated 
through evaporation as water vapour followed by precipitation as rain, hailstone, 
or snow. The atmosphere has been completely transformed by biological processes 
I shall examine later.
 Scientists have developed hypotheses about the Earth’s formation by inference, 
mainly from studies of stellar formation at different stages elsewhere in our 
galaxy, examination of meteorites thought to be representative of planetesimals 
that aggregated to form the Earth, the dating of rocks and other compounds from 
the surface of the Earth and magma ejected from its interior, physico-chemical 
analyses and dating of rocks from the Moon and Mars, plus other data from 
probes to most planets in our solar system.
 Accurate dating is critical in determining evolutionary processes. Comparative 
dating, based on observations of stars in various stages of evolution combined 
with studies of nuclear fusion, is used to account for changes in the size and 
luminosity of the Sun over time.

Figure 12.4 Shape of the Earth’s magnetosphere distorted by the solar wind
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than continents had moved. By 1968 their theory was accorded the title “plate 
tectonics”, and in a Kuhnian paradigm shift the vast majority of geologists rapidly 
adopted this as the new orthodoxy.11

 It is still developing and some elements remain open questions. However, 
unlike cosmology’s orthodox model, it qualifies as a scientific theory. It has made 
unique retrodictions, for example where identical fossils of certain ages may be 
found that have been confirmed by investigation; it has made unique predictions, 
for example the location of earthquake and volcanic zones and the movement of 
landmasses, that have been confirmed by observation.
 Drawing on evidence from such diverse fields as palaeontology, oceanography, 
seismology, and, more recently, GEOSAT (Geostationary Satellite) mapping, 
this unifying theory currently explains geological phenomena in terms of the 
formation, movement, and interaction of about seven large and several smaller 
blocks of the rigid lithosphere, called tectonic plates, that float on the astheno-
sphere (see Figure 12.6).
 The Pacific plate, for example, is grinding past the North American plate at an 
average rate of about 5 centimetres each year; this produces the San Andreas fault 
zone, about 1,300 kilometres long and in places tens of kilometres wide, that slices 
through two thirds of the length of California.12

 Although there is no direct evidence, most geologists consider that the force 
driving the plates is the slow movement of the hot, ductile mantle that lies below 
the rigid plates. Heated principally by the radioactive decay of elements like 
uranium and thorium, the mantle is thought to move in circular convection 
currents as shown in Figure 12.7.

Magma intrudes and erupts
to form new oceanic lithosphere

+ = Positive magnetic polarity
– = Negative magnetic polarity

–+ + + +++– – –

Oceanic ridge
spreading centre

Age of oceanic crust (million years)

00.70.9 0.7 0.9 1.6516.5

–
– –– –

Figure 12.5 Stripes of rock of alternating magnetic polarity either side  
of an oceanic ridge

The sequence of magnetic reversals is identical to the sequence of reversals seen in continental 
lava flows and is used to date the stripes of rock.
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Figure 12.6 The Earth’s tectonic plates
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Figure 12.7 Convection currents in the mantle thought to move tectonic plates

 Geological phenomena are caused by the collision of plates. Figure 12.8 illus-
trates the slow collision of an oceanic plate with a continental plate.
 For example, hot magma from the interior forces up through a fault line in 
the oceanic Nazca plate to create a sub-oceanic mountain range and push the 
plate sideways. The eastern part of this plate slowly collides with the western side 
of the continental South American plate. As it does so it is pushed beneath the 
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South American plate in a process labelled subduction, disappearing down the 
Peru-Chile trench at the eastern edge of the ocean and into the mantle, where 
the heat melts it. As it is pushed beneath the South American plate it forces up 
the latter to create the Andes Mountains, the backbone of the continent, and the 
weakened plate along this line forms a zone where strong destructive earthquakes 
and the geologically rapid uplift of mountain ranges are common.
 Accordingly the oceanic crust is young because it is continually recycled over 
geological time as the oldest section is forced down below a continental plate, 
where it melts in the interior, while it is replaced by molten rock from the interior 
emerging from a fault line as the crest of a mid-oceanic ridge.13

 Geology’s current orthodox theory provides an evidence-based explanation 
of the lithosphere and its evolution since the Pangaea super-plate broke up 
some 225 to 200 million years ago. As for how Pangaea formed in the first place, 
ideas have been advanced that this is only the latest in a cycle of supercontinent 
formation, breakup, formation, and breakup that began well over 3 billion years 
ago.
 This still leaves the question of what was the original form of the crust and the 
lithosphere. Measurements of laser pulses to a reflector array erected on the Moon 
by America’s Apollo 11 astronauts in 1969 show that the Moon is moving away 
from the Earth at a rate of about 3.8 centimetres every year.14 This suggests that 
the Moon was very much closer to the Earth around 4.5 billion years ago. The very 
much stronger gravitational field of a very much closer Moon may have pulled the 
lighter silicates together as they condensed to form the first supercontinent spread 
round the equator. However, such ideas are necessarily speculative because no 
evidence remains.
 I have devoted some space to the theory of plate tectonics because, as we shall 
see later, a body of scientists considers that the movement of these plates, and in 

Figure 12.8 Slow collision of an oceanic plate with a continental plate
The oceanic plate is subducted (i.e. drawn down) beneath the continental plate creating a 

trench in the ocean floor, uplifting the continental plate into a mountain range and generating 
volcanic activity.
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ribosomal RNA of a wide range of cells and classified them by their molecular 
similarity. Assuming that differences represent evolutionary change, he claimed 
this genetic tree of life depicts their evolutionary lines of descent more accurately 
than the incomplete fossil record or subjective views on the size and shape of 
organisms.*
 Figure 14.1 shows molecular biologist Norman Pace’s updated version of 
Woese’s phylogenetic tree, which groups all cells into three domains.

* Biologist Lynn Margulis, then Distinguished Professor at the University of Massachusetts, 
and others challenged the use of just one characteristic for this purpose. I shall consider 
this in more detail when examining the evidence for biological evolution.

Figure 14.1 Universal phylogenetic tree
The position and length of each branch is determined by comparisons of ribosomal RNA
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are ancient suggests that the earliest lifeform might have been an archaeon or an 
ancestor of an archaeon. University of Oxford taxonomist specialist Tom Cavalier-
Smith vigorously opposes this view, claiming that the cell machinery of Archaea 
shows they are distant descendants of Bacteria.17 The evidence is by no means 
conclusive and it is unlikely ever to be so.

Size, complexity, structure, and functioning of the simplest cell
In order to evaluate the ideas for how life emerged on Earth we need to appre-
ciate the difference between the size, complexity, structure, and functioning of 
the molecules that evolved on the surface of the early Earth, or else evolved 
on asteroids and comets that deposited them on the Earth’s surface during 
bombardment, on the one hand, and the size, complexity, structure, and 
functioning of the simplest independent form of life on the other hand, and that 
is a single-celled prokaryote.

Size
Most prokaryotes range from between one thousandth to one hundredth of a 
millimetre long, and occur in a variety of shapes, including spheres, rods, spirals, 
and commas.

Components and structure
Figure 14.2 shows the components and structure of a simple bacterium, which are 
the same as those of an archaeon (their biochemical and stereochemical differ-
ences need not concern us here).

Figure 14.2 Structure of a bacterium
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Figure 14.3 Schematic representation of DNA structure
Each DNA molecule consists of two long strands that wind around each other to form a 

double helix. Each strand has a backbone made of alternating groups of sugar (deoxyribose) 
and phosphate groups. Attached to each sugar is one of four bases: adenine, cytosine, guanine, 

or thymine. The two strands are held together by hydrogen bonds between complementary 
bases, adenine forming a base pair with thymine, and cytosine forming a base pair with 

guanine so that the structure resembles a twisted ladder.

 Physical chemist and philosopher Michael Polanyi pointed out that whereas 
the base pairing ability of DNA (A-T and C-G) is fully determined by the laws of 
chemistry, the base sequence in DNA is not. DNA is able to form every conceivable 
sequence of bases of any length and any composition. The information that 
determines how a cell functions, repairs itself, and replicates itself, is contained 
in the particular sequence, and this is irreducible: it cannot be predicted from a 
knowledge of its constituent parts, the way they interact, and the laws of physics 
and chemistry.18

 The hypothetical common ancestor probably had between 800 to 1,000 
genes. The bacterium Mycoplasma genitalium has some 470 genes consisting 
of around 580,000 DNA base pairs. However, this is a parasite that depends on 
other cells to carry out much of its biosynthetic work. Hence it is reasonable 
to suppose that the simplest cell that could have been the common ancestor 
would have had a chromosome of at least 600,000 DNA base pairs in order to 
function independently. Since each base is part of a nucleotide consisting of 

Base pairs
Adenine bonds with Thymine
Guanine bonds with Cytosine



14. The Emergence of Life 1: Evidence  219

the base, a sugar, and one or more phosphate groups comprising a total of at 
least 30 atoms, this means that its chromosome consists of at least 36 million 
atoms arranged in a very specific and complex shape that changes as the cell 
functions.

Ribosome
The cell makes proteins for its own repair and maintenance by a DNA strand 
acting as a template for making messenger RNA from molecules in the cell. 
The messenger RNA then carries the DNA’s genetic information, coded in the 
sequence of its bases, to a ribosome.

ribosome A round particle composed of RNA and protein in the cytoplasm 
of cells that serves as an assembly site for proteins by translating the linear 
genetic code carried by messenger RNA into a linear sequence of amino 
acids.

protein A molecule consisting of a chain of between 50 to several 
thousand amino acids that provides structure, or controls reactions, in 
all cells. A particular protein is characterized by the sequence of up to 
20 different kinds of amino acid that comprise the chain plus the three-
dimensional configuration of the chain.

The simplest archaea synthesize proteins of between 50 to 300 amino acids long.

amino acid A molecule consisting of a carbon atom bonded to an 
amino group (–NH2), a carboxyl group (–COOH), a hydrogen atom, 
and a fourth group that differs from one amino acid to another and often 
is referred to as the -R group or the side chain. The -R group, which can 
vary widely, is responsible for the differences in chemical properties of the 
molecule.

Amino acids normally occur in two forms, or optical isomers, in which the 
positions of the -R group and the carboxyl group are switched. This phenomenon 

Figure 14.4 Structure of amino acid

Amino group   Carboxyl group
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cells; this enables the transfer between the cells of plasmids, which can add new 
functions to a cell.
 The flagellum is a tail that moves with a whip-like action to propel the cell 
through a fluid, often towards a source of energy or molecules needed to maintain 
its own existence.

Shifting protein shapes
To add to the complexity of the simplest cell, it is not sufficient that each one of 
its many proteins and enzymes consists of a combination of up to 20 different 
amino acids in a chain of between 50 to 300 such amino acids in a characteristic 
sequence, but in order to function each chain must have the correct shape. Most 
proteins fold into unique three-dimensional structures, and they shift between 
several shapes when they take part in biochemical reactions.
 Figure 14.6 and Figure 14.7 illustrate the complex shape of one protein.

Conclusions
1. Conclusive fossil evidence of life, complex branched microorganisms, has 

been identified in rock dated to 2 billion years ago, some 2.5 billion years 

Figure 14.7 Simplified representation of the protein triosephosphate  
isomerase showing the backbone shape

Figure 14.6 Two-dimensional representation of the three-dimensional structure 
of the protein triosephosphate isomerase showing atoms represented by differently 

shaded lines
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a single supercluster forms a network in which the great majority of buttons are 
linked. After that the size of this largest network grows only slowly because very 
few buttons are not already part of that network.
 Figure 15.2 illustrates what Kauffman calls this network phase transition by 
analogy to the phase transition between, say, water and ice. A highly complex 
system, like a network of interlinked parts of a cell, suddenly emerges from the 
component networks of the cell, which have grown through the linking of self-
sustaining autocatalytic networks of molecules. This highly complex system is 
stable because there is little scope for further change.
 According to Kauffman, when this mechanism operates in a primordial soup it 
removes the need to build a long chain of unlikely chemical events one after the 
other. Life, as a super-complex self-sustaining autocatalytic set, emerges suddenly 
as a phase transition. “Life crystallizes at a critical molecular diversity because 
catalytic closure itself crystallizes.”
 This hypothesis is consistent with the network, rather than genealogical tree, 
idea of evolution discussed earlier. However, Kauffman concedes that “Scant 
experimental evidence supports this view as yet.”
 Applying the tests of reasonableness, the self-organizing complexity proposal is 
internally consistent and provides external consistency in that it is consistent with 
computer models. Unfortunately, that is all.

Figure 15.1 Kauffman’s “button model” of network formation
where a button is called a node and an edge represents the thread linking buttons  

in a network.
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 The model doesn’t explain how the catalytic molecules, A, B, C, etc. arose in the 
first place. As we saw above, even with favourable assumptions the probability that 
the simplest known self-replicating peptide emerging from the molecular soup by 
random reactions is 1041 against.
 Edward O Wilson concludes that, while they may be on the right track, the 
problem with complexity theories in this context is that they are too divorced 
from biological details.

The basic difficulty, to put the matter plainly, is an insufficiency of facts. The 
complexity theorists do not yet have enough information to carry with them 
into cyberspace. The postulates they start with clearly need more detail. 
Their conclusions thus far are too vague and general to be more than rallying 
metaphors, and their abstract conclusions tell us very little that is really new.25

In McFadden’s opinion,

the spontaneous emergence of autocatalytic sets is feasible only in 
computers, where each set can be isolated from the jumble of reactions 
around them. In real chemical soups, each component gets caught up in a 
thousand side reactions that inevitably dilute and dissipate any emerging 
autocatalytic sets.

He goes on to make a theoretical, and what he considers a more important, 
objection to complexity theory as a hypothesis to explain the emergence of life. 
Self-organization shown by cyclones and other examples

Figure 15.2 Kauffman’s network phase transition
As the number of threads (links) increases, a sharp transition occurs between the state in 

which there are many unconnected buttons and a few links to the state in which almost every 
button is part of the network.
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Development of evolutionary ideas
De Maillet
In the eighteenth century a few intellectuals, influenced by geologists suggesting 
the Earth was considerably older than inferred from the bible, speculated that 
species changed. Probably the first modern advocate of biological evolution and 
a common ancestry for radically different animals was the well-travelled French 
diplomat and natural historian Benoît de Maillet. His dating of the Earth’s age as 
2.4 billion years and his idea that all life began in shallow waters are set out in 
Telliamed, published posthumously in 1748.2

Buffon
The French natural historian Georges Louis Leclerc, Comte de Buffon, compiled 
a major work, the 44-volume Histoire Naturelle, between 1749 until his death in 
1788, with the final eight volumes completed by a colleague in 1804. A product 

Table 16.1 Linnaeus’s classification of man

Classification Name Brief description Examples
Imperium
[Empire]

Everything in nature Animals, plants, and 
minerals

Regnum
[Kingdom]

Animalia
[Animals]

Living things that are 
mobile

Mammals, birds, 
amphibians, fish, 
insects, worms

Classis
[Class]

Mammalia
[Mammals]

Animals that nourish 
their young with 
milk produced by 
mammary glands

Humans, monkeys, 
apes, bats, dogs, cats, 
cows

Ordo
[Order]

Primates The first order of 
mammals in the 
natural hierarchy

Humans, monkeys, 
apes, bats

Genus Homo
[Human]

All human species Modern humans and 
Homo troglodytes 
(cave-dwelling men)

Species Homo sapiens
[wise man]

The highest form of 
God’s creation

Modern humans

[Unnamed] Race Varieties of man European, American, 
Asian, African, 
Monstrous (Alpine 
dwarf, Patagonian 
giant, etc.)
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7. Developmental changes
 Darwin extends this argument to the early development of the young, 

particularly their transition stages. He notes, for example, that while the 
young rely on their parents for nourishment they tend not to show the 
adaptive variations they acquire in later life. For example, the plumage 
of immature birds of related genera resemble each other. His line of 
reasoning incorporates metamorphoses, like the transition from cater-
pillar to butterfly and from larva to fly.

8. Rudimentary, atrophied, and aborted organs
 Things like teeth in foetal whales, mammals whose male members possess 

rudimentary mammary glands, wings of ostriches, and other examples 
all point to characteristics of the ancestors from which they have evolved. 
Creation theory, by contrast, has difficulty in explaining such features.

9. Geographical distribution of species
 Darwin thought powerful evidence for descent with modification and its 

principal cause was provided by variations of species in locations separated 
by migration barriers and also in different environments.

  The iconic example of what is now called biogeography is Darwin’s 
finches. The Encarta World English Dictionary 2008 defines them as

finches of Galapagos Islands: the birds of the Galapagos Islands on 
which Charles Darwin based his theory of natural selection through 
observation of their feeding habits and corresponding differences in 
beak structure. Subfamily Geospizinae.

 This is amplified and taught in many schools and colleges. For example a 
tutorial at Palomar College in California says

Figure 16.1 Finches from the Galápagos archipelago
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1856 and 1863 he set out to test the orthodox account of heritability that said the 
characteristics of each parent were blended in the offspring. He chose the pea 
plant, which has several simple characteristics such as the height of the plant, the 
colour of the pea seed, and whether the pea seed is wrinkled or smooth.
 He began by producing pure-breeding specimens, such as plants that always 
produce yellow pea seeds and plants that always produce green pea seeds. He 
then crossed such pure-breeding plants and found that, in this example, the first 
generation plants produced only yellow peas. When he bred these first generation 
plants among themselves, the second generation showed yellow-pea plants and 
green-pea plants in the ratio 3 to 1.

 Experiments with pea plants having different characteristics produced the same 
kind of result. Mendel concluded that characteristics were not blended, but each 
was represented by a factor (later called a gene) that comes in alternate forms 
(later called alleles); in this example, one allele produces the yellow colour in a 
pea and another allele produces the green colour. Alleles occur in pairs; where 
paired alleles are different, one is “dominant” (in this case the yellow-producing 
allele) and masks the effect of the other, “recessive” allele (in this case the 
green-producing allele). Only when two recessive alleles are passed on does the 
corresponding characteristic show in the plant.

Mendel’s laws
From his experiments Mendel deduced laws of inheritance that may be summa-
rized as follows.

parent generation

f1 generation
= yellow pea

= green pea

f2 generation3:1 ratio

self-pollination

cross-pollination

Figure 16.2 Result of Mendel’s experiments with yellow- and green-pea plants

parent generation

f1 generation

f2 generation

Y = yellow allele
G = green allele

YY GG

YGYG YG YG

YGYY GGYG

Figure 16.3 Explanation of Mendel’s experiment with yellow- and green-pea 
plants, with yellow allele dominant
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lived during the last 600 million years.14 This crude estimate means that only one 
in every 120,000 eukaryotic species has been fossilized; it takes no account of the 
vastly greater number of prokaryotic species.
 Nor are these fossils representative. Hard parts of organisms, like teeth and 
bones, are more likely to be fossilized than parts of soft-bodied organisms. About 
95 per cent of the fossil record comprises remains of creatures that lived under 
water, mainly in shallow seas.15

Interpretation
Even in those rare cases where the fossil of a whole organism has been found, 
interpretation is a key problem. For example, after studying Burgess Shale fossils, 
which date from the Cambrian period, Simon Conway Morris interpreted in 
1977 a 25mm-long specimen as the remains of an animal that walked along 
the bottom of the seafloor on spiny stilts, waving seven dorsal tentacles from its 
back, as shown in Figure 17.1. It was unique, and Conway Morris classified it as 
a new species, Hallucigenia sparsa, one of several that suddenly appeared in the 
Cambrian and was never seen again.
 An alternative interpretation considered Hallucigenia to be an appendage of 
a larger, unknown animal. Then in 1991 Lars Ramsköld and Hou Xianguang 
examined specimens found at the Chengjiang site in China and concluded that 
the Conway Morris reconstruction was upside down: when alive Hallucigenia 
walked on pairs of tentacle-like legs and protected itself with a ferocious palisade 
of spines, as shown in Figure 17.2.
 Hallucigenia was reclassified to the phylum of Onychophora, making it a distant 
ancestor of caterpillar-looking animals now living in tropical rainforests rather 
than a one-off species.16 This interpretation was accepted by Conway Morris and 
most palaeontologists, although there was no agreement as to which end is the 
head and which the tail.
 Normally a fossil consists not of a complete animal but of fragments of bone 
or teeth, and the problems of interpretation, reconstruction, and classification are 
correspondingly more difficult.

Figure 17.1 First reconstruction of Hallucigenia sparsa
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 All this provides fertile ground for the Law of Data Interpretation suggested in 
Chapter 6 by the claims of some cosmologists. For instance, late in 2006 palaeon-
tologist Jorn Hurum persuaded Oslo’s Natural History Museum to pay $1million 
for a small fossil he had not studied in detail. Barely two years later the doyen 
of TV natural history presenters, Sir David Attenborough, announced to news 
media assembled in the presence of New York mayor Michael Bloomberg and 
banner adverts for a book and a TV tie-in series called The Link, that the missing 
link was missing no more. Hurum, who had classified the exceptionally well-
preserved 47-million-year-old fossil as Darwinius masillae, explained that it was 
“the first link to all humans”. It would, he added modestly, “probably be pictured 
in all the textbooks for the next 100 years”.
 Less than 5 months later Erik Seiffert of Stony Brook University in New York, 
who led the study published in Nature of a similar fossil 10 million years younger, 
said “Our analysis provides no support for the claim that Darwinius is a link in 
the origin of higher primates.”17

 At least Darwinius was not a fake, but frauds often go undetected because of inter-
pretation problems. From Piltdown Man, unearthed in 1912 and only discovered to 
have been a fake 40 years later, a succession of frauds has been uncovered. One of 
the most recent and most extensive was the systematic falsification of fossil dates 
perpetrated over 30 years by the then distinguished anthropologist Professor Reiner 
Protsch before he was forced to retire from the University of Frankfurt in 2005. 
Archaeologist Thomas Terberger, who discovered the fraud, commented that

Anthropology is going to have to completely revise its picture of modern 
man between 40,000 and 10,000 years ago. Professor Protsch’s work 
appeared to prove that anatomically modern humans and Neanderthals 
had co-existed, and perhaps even had children together. This now appears 
to be rubbish.18

More recent genetic evidence, considered in Part 3, suggests that some Neanderthals 
did breed with some early humans, but this does not validate Protsch’s fake fossil 
evidence.

Figure 17.2 Second reconstruction of Hallucigenia sparsa
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The fossil record
Bearing these problems in mind, Figure 17.3 draws on Chapters 12 and 14 plus 
studies cited later in this section to illustrate the current best estimates of the fossil 
record’s timescale represented as a 24-hour clock.
 This overall picture shows that if the Earth’s formation some 4.5 billion years 
ago starts the clock, the postulated heavy bombardment by asteroids or comets in 
the late part of the Hadean Eon ends at 3:12 (3.9 billion years ago). Although we 
will never know precisely when life emerged from the inanimate chemicals on the 
Earth’s surface, the least disputed estimates show the earliest microbial fossils at 
5:20 (3.5 billion years ago). Such microbes, mainly bacteria and archaea, were the 
only form of life for nearly 3 billion years; animals emerge only at around 20:32 
(0.65 billion years ago), while humans emerge at 29 seconds before midnight.
 Chemical and radiometric analyses of rocks indicate that for most of the Earth’s 
history there was very little oxygen in the oceans, shallows, and atmosphere (see 
Table 17.1).
 Correlations with the fossil record suggest the first microbes were extremophiles 
that maintained themselves by ingesting chemicals, probably sulphur compounds 
and hydrogen from the decomposition of water. Eventually ancestors of cyano-
bacteria evolved to utilize sunlight as their energy source. Western Australia has 
one of the most continuous and best-studied records of stromatolites, laminated 
structures built mainly by cyanobacteria, that dominate the fossil record between 
about 2 billion and 1 billion years ago.19

 Some cyanobacteria excrete oxygen as a metabolic waste product. While 
oxygen was poisonous to early bacteria (called anaerobic), some species adapted 
to use this oxygen for their metabolism (aerobic bacteria).

Figure 17.3 Evolution of life from the fossil record represented as a 24-hour clock
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 The earliest claimed fossil of a eukaryote—a nucleated cell that contains 
organelles including mitochondria, which use oxygen to generate energy for the 
cell—was discovered as thin films of carbon in rocks 2.1 billion years old in the 
Empire Mine, near Marquette in Michigan, USA. It may have been a bacterial 
colony but its size of more than one centimetre and its tube-shape suggests it may 
have been Grypania spiralis, a eukaryotic alga.20

 In 2010 an interdisciplinary team led by Abderrazak El Albani of Université de 
Poitiers announced the discovery of more than 250 well-preserved macroscopic 
fossils from 2.1-billion-year-old black shales in southeastern Gabon that they 
interpret as representing multicellular life. Carbon and sulphur isotopic data indicate 
that the structures of up to 12 centimetres in size were biogenic, and growth patterns 
deduced from fossil morphologies suggest cell-to-cell signalling and coordinated 
responses commonly associated with multicellular organization. Moreover, iron 
speciation analyses suggest that the organisms probably used oxygen respiration. 
Like the claimed Grypania spiralis, the dating of the fossils coincides with the 
beginnings of oxygenation of the ocean shallows and atmosphere (see Table 17.1). 
The researchers don’t rule out the possibility that these fossils represent the earliest 
multicellular eukaryotes.21 However, as Philip Donoghue and Jonathan Antcliffe of 
the University of Bristol Department of Earth Sciences point out, without further 
evidence the assumption must be that they represent bacterial colonies.22

 More widely accepted as the earliest eukaryotic fossils are a large population of 
spherical microfossils preserved in coastal marine shales of the Ruyang Group of 
northern China and labelled as Shuiyousphaeridium macroreticulatum, a unicel-
lular organism dating from between 1.6 billion and 1.26 billion years ago.23

Table 17.1 Oxygenation of oceans and atmosphere

Period (billion 
years ago)

Oxygen in 
deep oceans

Oxygen in shallow 
oceans

Oxygen in 
atmosphere 
(atmospheric 
pressures)

3.85 to 2.45 None Possibly small pockets None
2.45 to 1.85 None Mildly oxygenated 0.02 – 0.04
1.85 to 0.85 Mildly 

oxygenated
Mildly oxygenated 0.02 – 0.04

0.85 to 0.54 Mainly none Rise in oxygenation 
similar to atmosphere

Rises to 0.2

0.54 to present Oxygenation 
fluctuates 
considerably

Oxygenated Rises to 0.3 followed 
by fall to current 
level of 0.2

Source: Holland, Heinrich D (2006) “The Oxygenation of the Atmosphere and Oceans.” 
Philosophical Transactions of the Royal Society B: Biological Sciences 361: 1470, 903–915
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 The Pakicetidae were found together and so are of the same age. Because the 
dating of the rocks is problematical, however, Thewissen is only prepared to 
estimate an age of 50 ± 2 million years ago, but “with low confidence”.27

 Figure 17.5 depicts the bones of Pakicetus and Ichthyolestes, while Figure 17.6 
shows a reconstruction of the former, about the size of a wolf.
 They lived on land, but Thewissen claims that they have characteristics not 
shared by other mammals but only with archaic and recent cetaceans (whales, 
dolphins, and porpoises): a reduction of crushing basins on their teeth, an 
increased closing speed of their jaws, and a shape of the postorbital and temporal 
region of the skull that affects their hearing and vision. He hypothesizes that 

Figure 17.4 Evolution of horse from fossil record
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these hoofed mammals changed to a diet of aquatic prey when they began 
wading in shallow streams. They evolved rapidly. The entire transition from 
pakicetids to marine mammals took less than 8 million years via ambulocetids 
(walking whales) that resemble 3-metre-long mammalian crocodiles the fossils 
of which were found in what was thought to have been marine swampland, 
protocetids with much reduced limbs, and then basilosaurids with enormous 
snake-like bodies and whale-like tail flukes, and dorudontids that resemble 
dolphins.28

 The interpretation of, and reconstruction from, fossilized bones, together with 
inferences about how the animals functioned, and deductions from DNA analyses 
calibrated using the molecular clock technique, plus dating of rock strata by their 
fossil content, can never provide indisputable proof. However, the evidence is 
consistent with the hypothesized evolution of small, hoofed, land-based mammals 
to huge marine-based whales. It is also consistent with current mammals adapted 
to different degrees for both terrestrial and marine life, like otters, sea otters, and 
seals.
 Other fossils claimed as transitional include finds in the 1990s, mainly from 
the Yixian formation in China dating from about 150 to 120 million years ago, of 
more than twenty genera of dinosaurs with fossil feathers.29 Since then very many 
other, and much larger, feathered dinosaurs have been discovered, including in 

Figure 17.5 Bones of Pakicetus (large animal) and Ichthyolestes (small animal)
The scale indicates the size of the skeletons, and shows that Pakicetus was approximately  

as large as a wolf

Figure 17.6 Reconstruction of Pakicetus
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Table 17.2 Palaeontology’s major mass extinctions

Extinction event When
(million 
years ago)

Species lost

Ordovician-Silurian 440 All animals and plants then lived in 
the ocean, and more than 85 per cent 
of species became extinct, including 
many families of invertebrate marine 
animals belonging to groups such 
as brachiopods, echinoderms, and 
trilobites.

Late Devonian 360 An estimated 82 per cent of 
all species were lost, including 
animals and plants that now lived 
on land as well as in the sea. The 
greatest extinctions affected marine 
animals, including cephalopods and 
armoured fish.

Permian-Triassic 250 The largest mass extinction event in 
Earth’s history, with 95 per cent of 
marine species and 70 per cent of all 
land species, including 8 of 27 insect 
orders, lost.

Triassic-Jurassic 200 75 per cent of all species perished: 
most marine reptiles, amphibians, 
and land-based reptiles, including 
several groups of archosaurs, 
advanced reptiles that included 
dinosaurs; dinosaurs, however, 
survived.

Cretaceous-Tertiary
(abbreviated to K-T 
because “C” is used as 
shorthand for Cambrian)

 65 Up to 75 per cent of marine genera 
and up to 50 per cent of all plants 
and animals, including all non-avian 
dinosaurs, disappeared.

Sources: American Museum of Natural History; “Mass extinction” The Columbia 
Electronic Encyclopedia, Sixth Edition Accessed 29 October 2008; “Extinction (biology)” 
Microsoft Encarta Online Encyclopedia 2008 Accessed 29 October 2008.
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Figure 17.7 Pattern of the fossil record for animals and plants
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Table 17.3 Indicative timetable of the first appearance in the fossil record of 
significant taxa, with human lineage in bold

Taxon First appearance 
(million years ago)

Prokaryotes(a) 3,500
Bacterial colonies. Possible first single-celled 
eukaryotes(b)

2,100

Probable eukaryotes(c) 1,400
Probable invertebrate animals(d) 650
Vertebrates (bilateral and cephalized)(e) 525
Bony fishes(f) 420
Four-limbed vertebrates (tetrapods)(g) 400
Amphibians(h) 360
Mammal-like reptiles (synapsids)(h) 310
Dinosaurs(j) 245
Mammals(k) 220
Eutherian mammals(i) 160
Birds(f) 160
Placental mammals(i) 65
Primates(l) 55
Great apes (hominids)(m) 19
Protohumans (hominins)(n) 7
Humans (genus Homo)(o) 2
Modern humans (Homo sapiens)(p) 0.15

Sources: (a)See p. 210, (b)See p. 287, (c)See p. 287, (d)See p. 288, (e)Shu, D G, et al. (2003) 
“Head and Backbone of the Early Cambrian Vertebrate Haikouichthys” Nature 421: 6922, 
526–529, (f)Morowitz, Harold J (2004) 109, (g)“Tetrapod” Encyclopædia Britannica Online 
2014, (h)“Amphibian” Encyclopædia Britannica Online 2014, (i)Shedlock, Andrew M and 
S V Edwards (2009) “Amniotes (Amniota)” 375–379 in The Timetree of Life edited by S 
B Hedges and S Kumar: Oxford University Press, (j)“Dinosaur” Encyclopædia Britannica 
Online 2014, (k)See p. 299, (l)“Primate” Encyclopædia Britannica Online 2014, (m)Steiper, 
Michael E and Nathan M Young (2009) “Primates (Primates)” 482–486 in The Timetree 
of Life, (n)Brunet, Michel, et al. (2005) “New Material of the Earliest Hominid from the 
Upper Miocene of Chad” Nature 434: 7034, 752–755 (which uses the 1825 classification 
of Hominid), (o)“Homo habilis” Encyclopædia Britannica Online 2014, (p)“Homo sapiens” 
Encyclopædia Britannica Online 2014
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fossil record. Thus they are most similar between humans and chimpanzees, less 
so between humans and other mammals, still less between humans and birds, and 
less still between humans and fishes.
 The most reasonable explanation is that they are evolutionary adaptations to 
different environments of common ancestors’ body parts.

Vestigiality
Here also current evidence supplies more examples of what Darwin listed as 
rudimentary, atrophied, and aborted structures. The wings of birds like ostriches, 
emus, rheas, and penguins cannot be used for flying; their design suggests they are 
degenerate wings of ancestors that did fly. Ostriches use their wings for balance 
and for displays in courtship rituals, while penguins use their wings for swimming 
underwater, consistent with an evolutionary adaptation to a new environment 
from the wings of a flying ancestor. The most parsimonious explanation of the 
small internal hind legs of whales is that they are remnants of the hind legs of 
the land-based mammal whose transition to marine life was examined in the last 
chapter. So too the human coccyx serves no function, but is best explained as the 
remnant of an ancestral tail that degenerated and diminished through lack of use 
as the human lineage adapted to bipedalism.
 Vestigiality is not limited to anatomical structures. Whiptail lizards from the 
all-female species Cnemidophorus uniparens exhibit complex mating behaviours 
even though they reproduce without fertilization by males. Comparisons of 
human and chimpanzee genomes show dozens of homologous genes in humans 
that no longer function.

Figure 18.1 Homologous forelimbs in vertebrates
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constantly broken up and spliced together with a different sequence and function. 
Consequently, the functioning of human genes produces a far more complex 
organism than does a rice plant.
 Third, it assumes that the degree of relatedness of species is best measured 
by the number of genes they have in common and ignores around 98 per cent 
of eukaryotic chromosomal DNA, in particular the regulatory sequences that 
determine when, to what degree, and how long genes are switched on, and conse-
quently the organism’s observable characteristics.
 Genome sequencing is now providing evidence that large-scale gene dupli-
cation, and even complete genome duplication, events contributed significantly 
to both gene family expansion and genome evolution.21

 It was genomics that revealed another inconsistency with biological 
orthodoxy mentioned previously: horizontal gene transfers occur between 
prokaryotes, including species that are not closely related.22 According to 
Dalhousie University biochemist Ford Doolittle, genomic analyses show that, 

Table 18.1 Comparison of the genomes of several species

Species Estimated 
number of DNA 
base pairs per 
genome

Estimated 
number 
of genes

Average 
number of 
DNA base 
pairs per gene

Number of 
chromosomes

Homo sapiens 
(human)

3.2 billion ~25,000 130,000 46

Mus musculus 
(mouse)

2.6 billion ~25,000 100,000 40

Drosophila 
melanogaster 
(fruit fly)

137 million 13,000 11,000 8

Arabidopsis 
thaliana 
(plant)

100 million 25,000 4,000 10

Caenorhabditis 
elegans 
(roundworm)

 97 million 19,000 5,000 12

Saccharomyces 
cerevisiae 
(yeast)

 12.1 million 6,000 2,000 32

Escherichia coli 
(bacterium)

 4.6 million 3,200 1,400 1

(Source: Human Genome Project)
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 Bacterial geneticist James Shapiro’s comprehensive review of bacterial social 
behaviour concludes that the collaboration of bacteria, not only within species but 
also between species, plays a key role in their survival.4

Multicellular species
A multicellular organism consists of eukaryotic cells. Each of these cells consists 
of several membrane-bound parts that perform specific functions, like the 
nucleus that controls and coordinates the other parts, or organelles, such as the 
mitochondrion where energy is generated (see Figure 19.1). A eukaryotic cell is, 
in essence, a collection of organelles descended from different prokaryotes that 
collaborate to maintain and reproduce the cell.
 A group of these cells, called a tissue, collaborate to perform a specific function, 
like muscle tissue that contracts and expands. Several types of tissue similarly 
collaborate to form an organ that has a specific purpose, like a heart that pumps 
blood, and different organs collaborate at higher levels still. Indeed, an organism 
consists at many levels of parts collaborating to keep the whole alive and 
reproducing.
 Evolutionary biologists David Queller and Joan Strassmann suggest that “the 
essence of organismality lies in this shared purpose; the parts work together 
for the integrated whole, with high cooperation and very low conflict”.5 This 
purposeful activity accords with the definition of life suggested on page 206.

Figure 19.1 Simple eukaryotic cell
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C H A P T E R  T W E N T Y

The Human Lineage

Science has proof without any certainty. Creationists have certainty without 
any proof.

—Ashley Montagu, 1905-1999

Phylogenetic trees
In tracing biological evolution, including the lineage leading to humans, evolu-
tionary biologists concluded that the best way is to classify lines, or clusters of 
lines, of evolutionary descent. This spawned the sub-discipline of cladistics, which 
presents such relationships as cladograms, or phylogenetic trees. Figure 20.1 
shows a simple one.
 If each capital letter represents a species, then at branching point, or node, 
w species A diverged into species B and C. At node x species B diverged into 
species D and E, while at node y species C diverged into species F and species 
G/H, and at node z species G/H subsequently diverged into species G and H.

Figure 20.1 Simple phylogenetic tree
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into a smaller number of superkingdoms labelled domains. For the sake of 
consistency with preceding chapters of this book, Table 20.1 uses the nomen-
clature of the three-domain system.
 It is worth emphasizing two things: the further back in time, the greater the 
uncertainty; and, although the boundaries between these taxonomic groups mark 
the emergence of evolutionary innovations, as with all emergences the boundaries 
are indistinct.
 In the following chapters I shall consider the cause, or causes, of this pattern in 
biological evolution.
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Table 20.1 Taxonomy of the human lineage 
The seven principal rankings are shown in bold; additional ranks, such as subclass, are shown in bold italic.

Classification Name Cytological, genomic, morphological, and behavioural 
characteristics

Examples

Universal 
Common 
Ancestor

The first independent enclosed entity, or cell (or possibly 
network of protocells), comprising several parts that 
work together in responding to, and extracting energy 
and matter from, its environment for the purpose of 
maintaining its own existence and replicating itself.

None.

Domains Bacteria and 
Archaea

Extremely small, simple organisms comprising a 
single cell whose genetic information is normally a 
folded loop of double-stranded DNA not enclosed in a 
membrane-bound nucleus; the cell may include one or 
more plasmids, separate circular strands of DNA that 
can replicate independently and are not responsible 
for the reproduction of the organism. Most reproduce 
by splitting in two and producing identical copies of 
themselves. The most ancient manufacture their own food 
by chemosynthesis or photosynthesis, but most living 
bacteria and archaea sustain themselves by ingesting parts 
of other organisms, dead or alive. They generally have 
rigid cell walls and many are capable of incorporating 
foreign DNA by horizontal gene transfer even from 
unrelated species. Many exhibit primitive forms of social 
behaviour to maintain their existence and to propagate.

Existing bacteria and archaea and 
their ancestors, from which it is 
thought eukaryotes evolved.
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Domain Eukarya
[Eukaryotes]

Organisms that consist either of one cell or, more 
commonly, collaborating groups of cells, each one of 
which contains a membrane-bound nucleus that controls 
the action of organelles, the small, self-contained, cellular 
parts that perform specific functions in maintaining and 
propagating the organism. Most eukaryotic cells replicate 
to produce identical copies of themselves, but most 
multicellular eukaryotes propagate sexually by the fusing 
of a sex cell from one organism with a complementary 
sex cell from another organism so that the offspring 
contains genes from both parents.

Protoctists, fungi, plants, animals.

Kingdom Animalia
[Animals]

Multicellular eukaryotes that lack cell walls, or have 
highly permeable cell walls, and that possess a nervous 
system; they are mainly motile (capable of independent 
movement) and eat other organisms in order to maintain 
their existence.

Sponges (adults are not motile), 
worms, insects, fishes, amphibians, 
reptiles, birds, and mammals.

Phylum Chordata
[Chordates]

Animals containing at some stage in their development 
a flexible rod-like structure that supports the body, with 
a nerve chord above; they usually have an elongated, 
bilaterally symmetrical body with a mouth and sense 
organs at the front and an excretory orifice at the rear.

Vertebrates plus closely related 
marine invertebrates such as 
lancelets.

Subphylum Vertebrates The principal subphylum of chordates whose members 
have a segmented spinal column, or backbone, and a 
head. The vast majority of the oldest species produce 
multiple progeny by external fertilization of eggs. Many

Fishes, amphibians, reptiles, birds, 
and mammals.
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Classification Name Cytological, genomic, morphological, and behavioural 
characteristics

Examples

relative recent vertebrates are social animals, either living 
in family or extended family groups or else collaborating 
at certain times for mutual benefit, like migrating to a 
habitat with better resources. They exhibit social learning, 
the degree of which correlates with their complexity.

Class Mammalia
[Mammals]

Air-breathing four-limbed vertebrates that nourish 
their young with milk produced by mammary glands. 
They reproduce by internal fertilization of their eggs 
and, except for the most ancient extant mammals, 
monotremes that lay usually two reptilian-like eggs, they 
give birth to live young. They are warm-blooded and 
able to maintain a relatively constant body temperature 
regardless of external environmental conditions. Their 
variety of specialized teeth allows them to chew their 
food into small pieces. Most species live in social groups.

Monotremes like the platypus, 
marsupials like kangaroos, and 
placentals like most mammals.

Subclass Eutheria
[Placental 
mammals]

Comprising about 94 per cent of extant mammals, they 
conceive their young within the reproductive tract of the 
mother and nourish their unborn young via a placenta 
that is attached to the foetus by an umbilical chord. This 
enables them to give birth to relatively well-developed 
progeny and greatly increases the survival rate of a 
fertilized egg compared with that of non-mammals.

From shrews to humans.
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Order Primates They are differentiated from other placental mammals by 
possessing a larger and more complex brain, especially 
those centres involving vision, memory, and learning, 
together with complex sensory pathways to the brain, plus 
stereoscopic vision from forward-facing eyes. Prehensile 
5-digit hands and feet, with fingernails rather than claws, 
enable many to live in trees. Most species normally give 
brith to a single young and are social animals that live in 
extended families or troops and exhibit a higher degree of 
social learning than other mammals.

Lemurs, lorises, tarsiers, monkeys, 
apes, humans.

Superfamily Hominoidea
[Hominoids]

Primates with larger and more complex brains, a flatter 
face with a smaller nose and greater reliance on vision 
rather than smell; they lack a tail and adopt an upright 
posture when stationary.

Gibbons, great apes, and humans.

Family Hominidae
[Hominids]

Large hominoids with larger and more complex brains, 
they show intelligent behaviour, like the use of very 
simple tools.

The great apes—orangutans, 
gorillas, chimpanzees, bonobos—
and humans, and their ancestors 
plus extinct lineages assumed to 
share a common ancestor.*

Tribe Hominini
[Hominins]

Hominids that walk upright on two feet. Modern humans and their 
ancestors plus extinct genera 
assumed to share a common 
ancestor, like Australopithecus and 
Ardipithecus.*
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Classification Name Cytological, genomic, morphological, and behavioural 
characteristics

Examples

Genus Homo [Human] Hominins that lack a thick covering of fur over their 
bodies; they possess a significantly larger and more 
complex brain than other hominins and make tools.

Modern humans and their ancestors 
plus extinct species assumed to 
share a common ancestor, like 
Homo habilis, Homo erectus and 
Homo neanderthalensis.*

Species Homo sapiens 
[Modern human]

Humans that possess highly complex neuronal networks, and 
a brain characterized by a large and dominant neocortex. 
They use sophisticated technologies and medicine, and 
communicate by speech, writing and electronic means. 
They learn by being taught extensively and engage in many 
non-survival creative activities like visual arts, science, 
music, literature, and philosophy. They live in a nested range 
of increasingly larger social groups beyond kinship and 
practice cooperation and altruism as well as inter-group 
competition and aggression. They comprise the only species 
that has extended its habitat to the whole biosphere.

Modern humans.

Subspecies Race Interbreeding members of the species distinguished by 
minor differences of phenotype, or visible characteristics 
like skin colour.

African, Caucasian, and 
Mongoloid used to be classified 
as the principal subspecies, but 
such differences are increasingly 
difficult to distinguish.

*Ancestral relationships are unclear and classifications, particularly of chimpanzees and archaic humans, are controversial. Opinions change with 
discoveries of fossils and their interpretations plus advances in genomic analyses and their interpretations. I shall consider these questions in more  
detail in Part 3, and especially whether there is a difference in degree or in kind between modern humans and others.
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 In the third case Trivers fails to distinguish between mutual aid between 
humans, as with mutual and cooperative societies, and altruism. The example 
of an altruist in Britain donating £1,000 to victims of the 2010 earthquake in 
Haiti not only refutes the kin-related altruism hypothesis it also refutes “recip-
rocal altruism”: no donor anticipates that earthquake victims will reciprocate by 
sending him £1,000 in the future, nor are they likely to aid him in any other way.
 Despite these conceptual flaws Trivers’s paper proved influential among socio-
biologists. His ideas, together with those of Hamilton, Price, and Williams, 
consolidated a gene-centric approach and stimulated a raft of theoretical papers 
encapsulated in Figure 23.1 as a matrix of four basic behaviours based on gains 
and losses in evolutionary fitness to the actor and the recipient. Behaviour in 
which both actor and recipient gain is cooperative, in which the actor loses and 
the recipient gains is altruistic, in which both actor and recipient lose is spiteful, 
and in which the actor gains and the recipient loses is selfish.

Game theory
In order to support their hypotheses many sociobiologists invoke game theory. 
This was developed principally by mathematician John von Neumann and 
economist Oskar Morgenstern in their book The Theory of Games and Economic 
Behavior (1944) in order to predict economic behaviour; it was also employed to 
devise military strategies after the Second World War. A game consists of between 
two and n players in a competitive situation. Essentially each player is given 
options, chosen by the game designer, and plays within rules, also chosen by the 
game designer, with the objective of maximising his own rewards or minimizing 
his opponents’ rewards.

Figure 23.1 Sociobiology’s matrix of four basic behaviours viewed as gains (+) 
and losses (−) in evolutionary fitness of the actor and the recipient
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motility and formed the root of the animal kingdom. The merger of a swimming 
sex cell (a sperm) with a sex cell that that had retained the ability to divide but not 
swim (an egg) gave rise to two-gender sexual reproduction.
 The third merger developed when aerobic protoctists ingested photosynthe-
sizing bacteria, which subsequently lost their capacity for independent existence 
and became chloroplasts. This produced a new type of eukaryote that could use 
sunlight as a source of energy, green algal protoctists. Of these some lost the 
ability to move independently and formed the root of the plant kingdom.38

Figure 23.2 Serial symbiogeneses producing the roots of the taxonomic 
kingdoms of life
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either directly to motor neurons or else to coordinating interneurons. In 
the latter case it is also termed an afferent neuron.

b. Motor neuron
 Transmits an electrical impulse to an effector cell or organ, like a muscle. 

It is also termed an efferent neuron.
c. Interneuron
 Receives impulses from sensory neurons and controls, coordinates, and 

transmits responses to motor neurons.

Transmission of electrical impulses from one neuron to another or to an 
effector cell usually occurs at microscopic gaps between them called synapses 
via chemicals known as neurotransmitters. Direct electrical communication also 
occurs when membranes are fused; electrical synapses are found mainly in inver-
tebrates and primitive vertebrates.
 Through their dendrites and axon terminals each neuron can receive impulses 
from, and send impulses to, many others, forming a network. Figure 24.2 shows 
schematically the way these different types of neuron connect with each other and 
with sensory and effector cells in an animal with a central nervous system.
 Interneurons also connect to each other, and together they integrate, coordinate, 
and control many individual reflexes so that the response of the animal is more 
than the simple sum of individual reflexes: its behaviour is characterized by 
flexibility and adaptability to changing circumstances.
 The rise in consciousness along the human lineage correlates with the 
evolution of the nervous system. This does not mean that all nervous systems 
evolved in the same, linear way, as implied by neuroscientist and psychiatrist 
Paul MacLean’s triune brain model that was influential in the 1970s and 1980s. 
Evidence accumulated from comparative neuroanatomy during the last thirty 

Figure 24.1 Structure of a typical neuron in a vertebrate
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years or so suggests that different nervous systems evolved along different 
animal lineages leading, for example, to some contemporary octopuses, birds, 
and marine mammals having structurally different nervous systems from 
nonhuman primates but with claimed comparable cognitive abilities. However, 
this quest focuses on the evolution of humans, and so I shall try to follow the 
evolution of the nervous system that leads to humans.

Nervous systems in the human lineage
Neurons leave no fossils. The only way to trace the evolution of the nervous system 
in the human lineage is to examine the nervous systems of living species that are 
morphologically as similar as possible to fossils dated by their estimated first 
appearance in the narrowing taxonomic categories from the kingdom Animalia 
to the species Homo sapiens shown in Table 20.1.

Figure 24.2 Schematic representation of neuronal connections in an  
animal with a central nervous system



400  Part 2. The Emergence and Evolution of Life

Figure 24.3 Diffuse nervous system of hydra

Figure 24.4 Nervous system of the bilateral flatworm
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Figure 24.5 Human brain

a.

c.

b.

Figure 24.6 Comparison of neocortex 
in mouse, monkey, and human

a. House mouse neocortex
b. Rhesus monkey neocortex

c. Human neocortex



432  Part 3. The Emergence and Evolution of Humans

Figure 26.1 Phylogenetic tree showing human descent from  
hominoid ancestor

Figure 26.2 Possible pathways for a lineage leading to the emergence of  
Homo sapiens from hominid predecessors

hypotheses are not easily refutable and replicable. There are few other 
sciences where an isolated piece of evidence can support or change a broad 
scale interpretative model without itself being readily testable.
 In this framework, personality plays an important role—the conservative 
thinker or the innovator, the dogmatist or the sceptic, the taxonomic 
splitter or the lumper.5

It provides fertile ground for the Law of Data Interpretation and rare, but signif-
icant, cases of fraud.*
 Five kinds of evidence are used to infer the evolutionary relationships and 
behaviour of the species preceding modern humans: fossils, other remains, 
relative and “absolute” (radiometric) dating, genetics, and living species. Each has 
its own limitations.

* See page 285.
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Fossils
The principal problem is the sheer scarcity of fossils. In the period approximately 
2.5 to 1 million years ago only around 50 individuals have been classified as a 
species of Homo and many of these comprise one or two teeth or a bone fragment.
 Complete skeletons from prehistoric times are almost never found. Even the 
celebrated Lucy skeleton dated to 3.2 million years ago consisted of fragments 
fitting together to comprise 47 bones compared with a total of 206 bones in an 
adult human. Fragments of teeth, lower jaws, facial and upper cranial bones are 
the most common fossils, followed by fragments of thighbones, while remains of 
the feet, hands, pelvis, and spine are extremely rare.
 It is easy to be seduced by modern sophisticated 3-D computer-generated 
images of a skull, but their accuracy depends on underlying assumptions about 
how crushed fragments should be reconstructed and where they should be placed 
in one or more skulls, and the assumptions built into the computer program that 
creates a whole skull from the input data.
 Estimated cranial capacities are often used to assign a fossil to a particular 
species. Table 26.1 lists these brain sizes for different hominins; it also shows how 
few specimens they are based on.
 Even if the estimated cranial capacities of the samples were accurate and the 
sample sizes much larger, we saw in Chapter 24 that neither brain size nor ratio 
of brain size to body weight is a reliable criterion of cognitive ability and hence of 
level of consciousness.*
 For skeletons generally, adults are larger than juveniles, and most hominid 
males are larger than females, but the degree of gender dimorphism varies 

* See page 403.

Table 26.1 Estimated brain size of hominin fossils and their number of 
examples

Hominin Average capacity of 
braincase (cc)

Number of fossil 
examples

Australopithecus 440 6
Paranthropus 519 4
Homo habilis 640 4
Javanese Homo erectus
(Trinil and Sangiran) 930 6

Chinese Homo erectus
(Peking man) 1,029 7

Homo sapiens 1,350 7

Source: Tuttle, Russell Howard (2014)
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layer can confidently said to be of the same age, but even so this does not tell us 
the actual age.
 Radiocarbon dating introduced in the 1950s held out this promise.* It was 
later recognized, however, that dating beyond about 30,000 years ago becomes 
increasingly unreliable because the amount of carbon-14 remaining in a sample 
after this time is too small to measure accurately and contamination can signifi-
cantly distort the result. Still later discoveries about cosmic ray fluctuations and 
changes in the Earth’s atmospheric circulation undermined the assumption that 
the percentage of carbon-14 in the atmosphere has been constant.
 Other radiometric techniques, summarized in Table 26.2, were developed to 
extend the dating range and provide crosschecks. However, each has its limita-
tions and problems, expertly summarized by Chris Stringer.

Table 26.2 Radiometric techniques and their date ranges

Method Approx. date range
Radiocarbon 0–40,000 years
Uranium series 0–500,000 years
Luminescence 0–750,000 years
Electron spin resonance 0–3,000,000 years
Argon-40/argon-39 0–1,000,000,000 years

Source: Stringer, Chris (2011) pp. 33–44

Techniques are constantly being refined and improved, and this has led to 
re-dating specimens discovered many years ago, sometimes with startling results. 
For example, part of a primitive human skull discovered in 1932 in Florisbad, 
South Africa had been dated by radiocarbon analysis of the peat bog in which it 
had been found as 40,000 years old. In 1996 electron spin resonance dating of the 
enamel of an upper molar tooth put its age at 260,000 years.7

Genetics
Genetic analysis was embraced as a technique that could bring a more precise, 
scientific approach to tracing human emergence. After it was discovered that a 
mother’s, but not a father’s, mitochondrial DNA was cloned in the mitochondrion 
of the fertilized cell from which the offspring developed, Rebecca Cann, Mark 
Stoneking, and Allan Wilson of the Department of Biochemistry, University of 
California, Berkeley, devised a means of tracing back matrilineal descent from 
changes in mitochondrial DNA (mtDNA) over time. In their landmark paper 
of 1987 published in Nature they analysed the mtDNA of 147 women from 
five geographical regions, fed the results into the computer program they had 

* See page 170 for a more detailed description of this technique.
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Table 26.3 Features distinguishing Neanderthal and modern human skulls

Neanderthal Modern human
large brow ridge reduced brow ridge
chin and forehead sloped backwards vertical forehead, bony chin
large crest and dent at back of skull high, rounded skull

Their backward-sloping forehead has been interpreted as indicating that 
Neanderthals had a less developed forebrain, where higher cognitive functions 
are processed, than humans.
 Whereas mitochondrial DNA analysis had given 500,000 years ago as the date 
of the split between the Neanderthal and modern human lineages, analysis of 
their nuclear DNA suggested the split occurred between 440,000 to 270,000 years 
ago.20

 Remains assigned to Homo neanderthalensis have been found at sites throughout 
Europe, in western Asia, as far east as Uzbekistan in central Asia, and as far south 
as the Middle East. They have been dated from 400,000 to 30,000 years ago, 
meaning that Neanderthals overlapped in time with Homo sapiens for at least 
10,000 years. That some also overlapped in place is suggested by the first draft 
of the Neanderthal genome mentioned previously. Analysis of nuclear DNA 
extracted from three bones taken from three individuals found in Vindija Cave in 
Croatia indicates that humans have between 1 and 4 per cent Neanderthal genes, 
implying there was some limited interbreeding.21

 Stone tools associated with Neanderthal sites include scrapers, triangular 
bifacial hand axes, triangular points made on flakes suggestive of spears, most 
probably for thrusting rather than throwing, and awls, or pointed tools used for 
piercing holes, but no bone tools, like needles.22

 In 2010 João Zilhão of the University of Bristol and colleagues claimed 
that two eroded Neanderthal sites in the Murcia province of southeast Spain 
yielded perforated and pigment-stained marine shells presumed to have been 
body ornaments. At any other site these would be taken as a sign of a high 
level of consciousness, if not reflective consciousness, and assumed to be 
human artefacts. However, Zilhão claims that these shells are “approximately 
50,000 years old”. They constitute “secure evidence that…10 millennia before 
modern humans are first recorded in Europe, the behavior of Neandertals was 
symbolically organized”. In fact the supplementary information to his paper lists 
radiocarbon dates of five shells ranging from 38,150 ± 360 to 45,150 ± 650 years 
ago from one site, and of four specimens of wood charcoal from the other site 
ranging from 98 ± 23 to 39,650 ± 550 years ago.23 This contradicts the claimed 
age of 50,000 years.
 Most palaeoanthropologists point to the lack of firm evidence of symbols, 
artwork, and other signs of reflective consciousness in Neanderthal sites generally 
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Figure 27.1 Evolution of the main strands of primeval thinking
Unlike a conventional tree diagram with fixed relationships, this is a simplified snapshot of a 
four-dimensional dynamic and interactive process. It is not drawn to scale and dates are best 

estimates.
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cultures for disciples of a teacher to attribute their views to the founder of their 
school.
 In these texts the Dao is the Way everything in the universe was brought 
into existence and which sustains everything. It is the ultimate, ineffable reality, 
like Brahman, but is manifest in the Way the natural world functions. This 
dynamic quality demonstrates continuous flow and change in an unending 
cycle between two opposites that constitute a whole, symbolized by the dark yin 
and the bright yang in the ancient Chinese Diagram of the Supreme Ultimate 
(see Figure 28.1).
 Most likely originating from the cyclical patterns in nature, like night and day, 
yin and yang give rise to all the complementary opposites we perceive: winter and 
summer, female and male, Earth—dark, receptive, female—below and Heaven—
bright, strong, male—above, and so on.
 To achieve the ideal state of being we should harmonize our lives with the Dao. 
Following this Way, or universal law, is similar to the Dharma of Hinduism and 
Buddhism discussed later.
 These early Daoist ideas were gained by insight. The Zuangzi explicitly rejects 
reasoning:

The most extensive knowledge does not necessarily know it; reasoning 
will not make men wise to it. The sages have decided against both these 
methods.13

Figure 28.1 The Supreme Ultimate, symbolized by the dark yin and the 
bright yang

A dynamic rotational symmetry in which each dot indicates that one force contains within 
itself the seed of its opposite; when one force reaches its extreme the seed of the opposite 
grows while the force diminishes until the opposite force reaches its extreme, and so on 

for ever.
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Figure 28.2 Emergence of philosophical thinking and the evolution of its 
main strands

Like Figure 27.1 from which it is derived, this is a simplified snapshot of a four-dimensional 
dynamic and interactive process. It is not drawn to scale and  

dates are best estimates.
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Figure 29.1 Evolution of natural philosophy into the early branches of science
A simplified two-dimensional snapshot of a four-dimensional dynamic and interactive 

process. For the sake of clarity not all branches and sub-branches are shown. Superstition’s 
interaction with natural philosophy and with physics, for example, played a significant role 

(see text). When a new shoot emerges as a distinct sub-branch is difficult to determine; 
accordingly the timescale shown is the best estimate.
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Figure 29.2 Convergence of the principal branches of physics towards a single 
theory that describes all the interactions between all forms of matter

nucleus, although no experimental data has been found so far to validate any of 
the models.*
 The holy grail of physics, however, is to unite these theories, which seek to 
explain interactions of phenomena on the scale of the very tiny—the size of 
an atom or smaller—with relativity theory, which explains interactions on the 

* See pages 41 and 109.
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Vaccines have almost eliminated formerly common diseases like diphtheria, 
tetanus, poliomyelitis, smallpox, measles, mumps, and rubella. In addition to the 
technologies used for diagnosis mentioned earlier, this period has also seen the 
development of increasingly refined surgical interventions that include kidney, 
heart, and other organ transplants.
 Part 1 of this book and the first chapter of Part 2 outline the major results 
of scientific thinking in the physical sciences that have produced our rapidly 
increasing knowledge and understanding of the origin and evolution of the 
universe and how the Earth became a planet fit for life, together with the current 
limits of that knowledge and understanding. The rest of Part 2 does likewise for 
the life sciences in terms of the emergence and evolution of life in general, while 
Part 3 is an attempt to show the results of our knowledge and understanding of 
our own emergence and evolution not only through the physical and life sciences 
but also through the social sciences.
 This geometric growth of knowledge—a remarkable achievement for scientific 
thinking—has necessarily resulted in the increasing specialization of scientific 
thinking, demonstrated by the growth in the number of scientific publications, 
each of which focuses on a particular field of research. However, the distinguished 
entomologist and thinker Edward O Wilson sounds a note of warning.

The vast majority of scientists have never been more than journeymen 
prospectors. That is even more the case today. They are professionally 
focused; their education does not orient them to the wider contours of 

Table 29.1 Life expectancy at birth since Neolithic period

Period Life expectancy at birth
(years)

Neolithic 
(beginning c. 10,500 years ago in the Middle East)

21

Ancient Greece and Rome 
(c. 2,800 – 1,500 years ago)

28

New England (Colonial America) 
c. 1800 CE

35

USA c. 1900 CE 47
USA c. 2000 CE 77
Industrialized countries 
early 21st century

78

Sources: Galor, Oded and Omer Moav (2007) “The Neolithic Revolution and 
Contemporary Variations in Life Expectancy” in Working Papers, Economics: Brown 
University; “Mortality” Encyclopædia Britannica Online (2013); “Life Expectancy” Gale 
Encyclopedia of American History (2006)
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Figure 31.1 The phases of human evolution represented by a 24-hour clock

 Trade increasingly became globalized. But more than that. Thinking started 
to become globalized. Supranational scientific, political, economic, educational, 
and humanitarian organizations, like the UN and its agencies mentioned earlier, 
began groping their way towards becoming global thinking networks.
 In December 1968, at the height of the Cold War, pictures beamed back to 
the world by the Apollo 8 astronauts showed for the first time the blue, green, 
brown, and white planet Earth rising into the cold blackness of space above 
the grey, lifeless lunar surface. That image played a significant role in creating a 
global consciousness. No national boundaries were marked on the planet. It was 
the home of all us, members of one species trying to survive in a small, precari-
ously balanced habitat. Such a vision proved a life-changing experience for the 
ex-fighter pilots who witnessed it first hand. For the rest it prompted global 
environmental movements and a growing recognition of the self-defeating nature 
of war in opposition to the predominant attitude fostered by the military-indus-
trial complex.
 Small, local groups rapidly grew into global nongovernment organizations. 
Médecins Sans Frontières, founded in 1971 by a few doctors and the editor 
of a medical journal in France, now has offices in 23 countries and provides 
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Figure 31.2 Patterns in the evolution of modern humans
The wavy lines indicate groping progression, a series of advances overcoming setbacks.
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