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FOREWORD

I vividly remember a globe map of the world sitting in a
classroom when I was a child. I also remember a geography
class, taught in a school in Somerset in England, where we
learnt how to draw sections through the earth, showing the
various layers of soil beneath our feet, and how they
connected to other parts of Britain. For me, the most
exciting thing in school was always the sudden connections,
realizing that layers of chalk beneath our feet were made
from the remains of billions of tiny organisms — called
coccolithophores — that had lived millions of years ago, and
that the same remains could also be found in layers of chalk
in other parts of Britain and in other countries much further
away. What was Somerset like when the coccolithophores
were alive? For that matter, where was Somerset back then?
That’s a question I couldn’t even ask when I was at school
because at that time scientists didn’t know for sure that the
continents moved around the surface of the earth.

For me, the globe in the corner of my classroom was a key
to all this knowledge. It helped me see the place of Somerset
in Britain, of Britain in Europe — so that’s where the Vikings
came from! — and of Europe in the world. Big History is like
the globe, but it’s much bigger: it includes all the observable
universe and all observable time, so it reaches back in time
for 13.8 billion years to the astonishing moment of the Big
Bang, when an entire Universe was smaller than an atom.
Big History includes the story of stars and galaxies, of new
elements from carbon — the magical molecule that made life
possible — to uranium, whose radioactivity enabled us not
just to make bombs, but also to figure out when our earth
was formed. It is like a map of all of space and time. And
once you start exploring that map, you will be able,
eventually, to say: “So that’s what I'm a tiny part of! That’s
my place in the grand scheme of things! So what’s next?”’

Today, more and more schools and universities are
teaching Big History, and it’s a story we all need to know.
In the book you are holding in your hands, you will find
a beautifully illustrated account of this story, a sort of
globe in words and pictures that links knowledge from
many different disciplines. Big History shows how our
world developed, threshold by threshold, from a very
simple early Universe, to the emergence of stars and
new chemical elements, and on to a cosmos that
contained chemically rich places like our earth on
which life itself could emerge.

And you’ll also see the strange role played by our own
species, humans, in this huge story. We appear at the

very end of the story, but our impact has been so colossal
that we are beginning to change the planet. We have done
something else that is perhaps even more astonishing: from
our tiny vantage point in the vast Universe, we have figured
out how that universe was created, how it evolved, and how
it became as it is today. That is an amazing achievement,
and in this book you will explore the discoveries that
allowed us to piece together this story. This is the world
globe that we need today, early in the 21st century, as

we try to manage the huge challenges of maintaining

our beautiful planet and keeping it in good condition

for those who will come after us.

DAVID CHRISTIAN

PROFESSOR EMERITUS, MACQUARIE UNIVERSITY
A FOUNDER OF BIG HISTORY

FORMER DIRECTOR, BIG HISTORY INSTITUTE
CO-FOUNDER OF THE BIG HISTORY PROJECT
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Big History provides a framework for understanding literally all of history, ever,

from the Big Bang to the present day. So often subjects in science and history are
taught one at a time — physics in one class, the rise of civilization in another — but
Big History breaks down those barriers. Today, whenever I learn something new
about biology or history or just about any other subject, I try to fit it into the
framework I got from Big History. No other course has had as big an impact

on how I think about the world.

99

BILL GATES, WWW.CATESNOTES.COM
CO-FOUNDER OF THE BIG HISTORY PROJECT




WHAL IS

BIG

HISTORY?

BIG HISTORY IS THE STORY OF
HOW YOU AND | CAME TO BE.

It is a modern origin story for a modern
age. This grand evolutionary epic rouses
our curiosity, confronts our ingrained
intuitions, and marries science, reason
and empiricism with vivid and dynamic
storytelling. Best of all, Big History
provides the scope and scientific
foundations to help us ponder some of
the most exciting and enduring questions
about life, the Universe, and everything.

These universally compelling
questions include: How did life on Earth
evolve? What makes humans unique?
Are we alone in the Universe? Why do
we look and think and behave the way
we do? And what does the future hold
for our species, our planet and the

cosmos? Throw a dart at any point in
the history of the Universe and it will
land on a page of the Big History story.
No matter how obscure this page, or
how far removed it may seem from the
world we know, it will invariably
describe a fragment of this grand
scientific narrative, in which all events
and all chapters are connected.

In this volume we traverse the stars,
the galaxies, the cells inside your body,
and the complex interactions between all
living and non-living things. We stretch
our minds to the limits of human
understanding in order to see reality
from many angles, and on many scales.
What is truly remarkable about looking
at the world from such an expansive
perspective is that we begin to engage
with many facets of the natural world
that we often miss, or take for granted.

How often do we think about the fact
that every atom inside each of our



HOW OFTEN DO WE
THINK ABOUT THE
FACT THAT EVERY
ATOM INSIDE EACH
OF OUR BODIES WAS
MADE INSIDE A
DYING STAR?

bodies was made inside a dying star?
Or that ancient celestial implosions gave
rise to the kinds of chemistry that makes
life possible? How frequently do we
zoom out far enough in our historical
musings to see connections that
transcend the actions of kings, armies,
politicians, and peasants?

Our minds do not instinctively follow
the threads of our evolutionary history
to the point where all national, tribal,
and species boundaries fall away. But
when we allow ourselves to explore
beyond these domains we come face
to face with a single family tree, which
shows that every one of us shares a
common ancestor with every living
organism on the planet: from worms,
to fish, to reptiles, to chimpanzees, to
a bird singing on the other side of the
world, and the strangers who sleep
through its refrain.

naked eye. It is also important to
remember that Big History is not a static
tale that proclaims how things are and
will be for all time. It is a provisional
narrative that is constantly being updated
as our knowledge about the natural world
grows, and as our needs as a species evolve.

From a cosmic perspective, we see
that humans are a novel species that
appear on the scene very late in this
evolutionary history. We were not there
at the beginning, and we are almost
certainly not the species with whom the
evolutionary buck stops. Yet Big History is
still very much a human story, written by
humans, for humans. At a certain point in
this tale we choose to focus on our species
and our corner of the galaxy, because
from our point of view, this is where the
action and the meaning is.

In the grand scheme of space and time,
humanity may seem like little more than a
cosmic footnote. But when we look closely
at our blue planet we see that our species
1s responsible for some very remarkable
things, which no other species has
achieved in the 3—4 billion years that life
has existed on Earth. As far as we know,
Homo sapiens is the first and only species to
represent the Universe becoming self-
aware. Humans are now the dominant
force altering the planetary biosphere,
and we have kicked the pace of terrestrial
evolution into a dramatic new gear.

BIG HISTORY HELPS US TO QUESTION EVERYTHING
WE SEE, AND EVERYTHING WE THINK WE KNOW.

Big History helps us question everything
we see, and everything we think we know.
In the process, we discover that the
Universe is far stranger than we often
imagine, and that the shape of history

1s moulded by forces that are often
surprising, and hard to see with the

As you explore this remarkable
narrative, you will discover that our
species has been so successful in
expanding and colonising the globe, in
large part because of our capacity for
what big historians call collective
learning. Although we cannot impart

our accumulated knowledge and
experiences to new generations via
DNA, we have developed the means

to transmit this information culturally.
Such a radical innovation in information
sharing was made possible by the
human invention of symbolic language.



At first this meant sharing ideas through
the oral tradition. But eventually we
developed writing, which reduced the
error rate in the transmission of
information and left humans in
possession of a tool resembling a crude
external hard drive. For the first time we
could store large bodies of information
without having to use the limited
memory capacity of our brains.

With the ability to build upon existing
information over many generations,
humans learned ever faster, and
knowledge and innovation proliferated.
While many civilizations collapsed and
some discoveries were lost for centuries,
the overall trend was a feedback loop
of accelerating cultural change: the
invention of ever faster and more
accurate methods of information
sharing generated rapid bursts of
innovation, and vice versa.

While the oral tradition persisted
for tens of thousands of years, it only
took a few hundred years for humans
to transition from the age of the
printing press to the digital world of
today. If the pace of cultural evolution
continues at such a rate we may see
the emergence of a new evolutionary
paradigm in mere decades.

Because of our astounding capacity
for collective learning and cultural
development, humans have made a

WITH THE ABILITY TO BUILD UPON
EXISTING INFORMATION OVER MANY
GENERATIONS, HUMANS LEARNED
EVER FASTER, AND KNOWLEDGE AND
INNOVATION PROLIFERATED.

giant evolutionary leap in a relatively
short period of time. We have
transitioned from our initial role as

one of evolution’s many simple players,
to a fledgling director engaged in the
task of consciously shaping the trajectory
of evolution on Earth. While this is a
very exciting role, it also presents
immense challenges.

It is sobering to look back at our
extensive family tree and recall that
99 per cent of species that have ever
lived are now extinct. In light of this,
it is natural and beneficial to consider
whether our species will be able to live
sustainably and prosperously for many
years into the future. And if we can
achieve this, how might it be possible?

Will we reduce our consumption
of energy and live more simply?

Or will we harness our immense
collective brainpower to engineer
more sophisticated ways of producing
clean energy and sustainable products
and services? Will our modern

technological arms race leave us
liberated or enslaved? And how long
will most of us continue to exist as fully
biological beings, unenhanced by
technological modifications?

These are the kinds of questions
that the Big History story prompts us
to consider. There is no doubt that in
terms of its scope, content, and method,
Big History is a truly modern story, fit
for the needs of a modern age.

Like all origin stories of previous ages,
this narrative is designed to help orient
us with where we come from, what we
are, and where we might be going. But
unlike ancient origin stories that were
built upon myth and intuition, this
evolutionary epic relies on the theories
of modern science to help us get to grips
with the world around us.

For most of us, thinking about things
that are very big, very small, and very
old does not come naturally. But
pursuing big ideas and chasing the
answers to profound universal questions

BIG HISTORY IS A TRULY
MODERN ORIGIN STORY, FIT FOR
THE NEEDS OF A MODERN AGE.



does! We cannot help wanting to know
what else is out there: whether it be
among the stars, inside black holes,

or in the mysterious workings of our
brains, our DNA, or the remarkable
bacterial ecosystems that live on,
around, and inside us.

The Big History story helps to
facilitate our exploration of these and
other exciting domains. It allows us
to focus on an array of subjects and
historical moments and encourages
us to ponder the nature of reality on
many different scales. We learn to
relate the details to the big picture,
and observe how broad trends can
contextualise local phenomena and
events. By exploring the viewpoints
of both the generalist and the
specialist, we are able to think more
carefully and creatively about cause
and effect, and devise more innovative
responses and solutions to the many
challenges we face in the world today.

Big History’s unified perspective
also helps us to see the present in
dynamic terms, and shows us that we
are not only the successors of previous
evolutionary thresholds, but also the
possible progenitors of those to come.

Our story is divided into eight
thresholds of increasing complexity,
which highlight some of the key
transitionary phases in this cosmic
evolutionary history. As we move from
threshold to threshold you will see how
profoundly each stage is connected,
and how matter and information in
the Universe grow denser and more

complex in various pockets of cosmic
order. This story helps us to see that our
planet and our species emerged among
a rare set of goldilocks conditions, where
the balance and stability of elements was
“Just right” to sustain life.
Once you explore this book and
get a feel for the big picture it presents,
we hope you will be left pondering
many new and rousing questions. As
you sit, poised to embark on this journey
of discovery, there is one question in
particular that we hope you will consider.
What role will you play in
determining how events unfold in
the next threshold of the this great
cosmic drama?

“BENEATH THE AWESOME
DIVERSITY AND COMPLEXITY OF
MODERN KNOWLEDGE, THERE
IS AN UNDERLYING UNITY AND
COHERENCE, ENSURING THAT
DIFFERENT TIMESCALES REALLY
DO HAVE SOMETHING TO SAY
TO EACH OTHER.”

DAVID CHRISTIAN, BIG HISTORIAN
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3|G BANG

What are the origins of our Universe?

It is a question that has captivated humans
probably since we emerged as a species

and began trying to make sense of our
place in nature. Centuries of observation,
investigation, and scientific endeavour have
led us to the Big Bang theory — but that too
leaves questions unanswered, and our quest
for further explanation continues.



GOLDILOCKS CONDITIONS

The Universe formed in the Big Bang. We do not know if anything
existed before it, and we only have a glimpse of what happened

in the fraction of a second immediately afterwards. But over

the next 380,000 years, the Universe expanded and

cooled, and the fundamental forces and forms
of matter that we know today emerged.

What changed?

Suddenly, space, time, energy,
and matter came into existence
in the Big Bang.



ENERGY AND
MATTERIN AN

FORM CALLED
MASS-ENERGY

UNIVERSE

SHORT-LIVED

THE UNIVERSE
MORE RAPIDLY

INTERCHANGEABLE

AN INCONCEIVABLY
HOT, SMALL, DENSE

INFLATION EXPANDS

Particles of matter
and antimatter form
from mass-energy

SINGLE, UNIFIED
SUPERFORCE

Superforce
separates into
gravity and Grand
Unified Theory
(GUT) forces

CUT forces
separate into strong
nuclear force and
electroweak force

Electroweak force
separates into
electromagnetic
force and weak
interaction

Matter and
antimatter annihilate
each other

As the Universe
cools, matter and
antimatter stop
returning to energy

As the Universe cools,
quarks are bound
together by gluons

to form protons
and neutrons

Protons and neutrons
combine to form the
first atomic nuclei
(of hydrogen, helium,
and lithium)

Electrons combine
with nuclei to form
the first atoms

Free
electrons
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ORIGIN STORIES

Nearly all human cultures and religious traditions have nurtured origin
stories — symbolic accounts that describe how the world came about.
These stories or narratives were most often passed from one generation
to the next in the form of folk tales or ballads and sometimes through

writing or pictures.

O rigin stories are extremely varied in
detail, but they tend to include some

common themes. Often they tell how the
Universe acquired order from an original
state of either darkness or deep chaos.

In several versions, including the Old
Testament’s Book of Genests, this order is
imposed by a supreme being or deity. In
some stories, creation is a cyclical process.
For example, in Hindu thought, order is
generated only to be destroyed and then
regenerated. Many stories begin with
Earth. In some, people and gods emerge
from the Earth. In others, an animal
dives into a boundless primeval ocean
and retrieves a portion of Earth from
which the cosmos is created.

ORIGINS OF THE SKY, SUN,

AND MOON

Many origin stories describe how the sky
was created along with Earth, often by
splitting off from another primeval object.
In a common form of the Maori creation
myth, the Universe is created from nothing
by a supreme being, Io. He also creates

WE HAVE INHERITED FROM OUR
FOREFATHERS THE KEEN LONGING
FOR UNIFIED, ALL-EMBRACING
KNOWLEDGE

8
b A .

Erwin Schrodinger, Austrian theoretical physicist, 1887-1961

Ranginui (Rangi) and Papatuanuku (Papa),
the Sky Father and Earth Mother. Rangi
and Papa remain physically cleaved together
until pushed apart by their six offspring to
create the separate realms of Earth and sky.
Many stories also account for the creation of
celestial bodies such as the Sun and Moon.
For example, in a story from China, the first
living being, Pangu, hatches from a cosmic
egg. Half the shell lies under him as the
Earth; the rest arcs above him as the sky.
Each day for thousands of years he grows,
gradually pushing Earth and sky apart until
they reach their correct places. But then
Pangu disintegrates. His arms and legs
become mountains, his breath the wind,

his eyes turn into the Sun and Moon. Often

MORE THAN 100 DISTINCT
ORIGIN STORIES HAVE BEEN
IDENTIFIED FROM VARIOUS
PEOPEESESISIBAEEIRN | RES
ACROSS THE WORLD

celestial objects originate as physical
representations of gods. For example, an
origin story from ancient Egypt begins with
Nun, the primeval ocean, from which the
god Amen rises. He takes the alternative
name Re and breeds more gods. While his
tears become mankind, Amen-Re retires to
the heavens, to reign cternally as the Sun.
Origin stories such as these developed
because early humans needed to find an
explanation for their own existence and for
everything that they saw around them. The
cultures that fostered these stories regarded
them as true, and for their adherents they
usually carried great importance and
emotional power. But such perceptions
were based on faith and not on accurate
observations or scientific reasoning,.

18 | THRESHOLD 1

THE EARLIEST ASTRONOMERS

At points in history that vary according

to the culture, but typically from about
4000 BcE in Europe and the Middle East,

it seems that humans began to tire of merely
gazing at, and devising stories about, objects
such as the stars, Sun, and Moon. Instead
some individuals began making detailed
recordings of celestial phenomena. These
investigations were carried out for a variety
of mostly practical reasons. An ability to
identify a few stars, and to understand sky
movements, proved useful for navigation.

It was also realized that the sky is a sort of

ASTRONOMERS IN CHINA
RECORDED OBSERVATIONS OF
MORE THAN 1,600 SOLAR
ECLIPSES FROM 750 sce
ONWARDS

clock that could be used, for example, to
tell farmers when to sow crops or to give
warning of important natural events. In
ancient Egypt, for example, the rising of the
bright star Sirius around the same time as
the Sun heralded the annual flooding of the
Nile. A final reason for studying the heavens
was to predict solar eclipses. Chinese
astronomers are thought to have attempted
this as long ago as 2500 BCE, but it was not
until the Ist century BCE that the ancient
Grecks reached the level of astronomical
sophistication needed to do it accurately.
Successful eclipse prediction had little
specific practical use but it did confer on the
predictor very significant mystical powers
and, as a result, considerable peer respect.
In some early cultures, accurate
observation not only had practical uses but
was also intertwined with religion. Some
of the most sophisticated observations before
the invention of the telescope were made
by the Maya, who colonized parts of Central
America between 250 and 900 ct. They
made accurate calculations of the length of
the solar year, compiled precise tables of the
positions of Venus and the Moon, and were
able to predict eclipses. They used their
calendar to time the sowing and harvesting
of crops. But they also saw a link between
the cycles they observed and the place of
their gods in the natural order. Specific
events in the night sky were seen as
representing particular deities. The Maya
also practised a form of astrology, drawing a
connection between cycles in the sky and the
everyday life and concerns of the individual.



A MODERN NARRATIVE
Big History is a modern-day origin story.
Part of this story is an account of how the
Universe formed provided by the Big Bang
theory of cosmology. The theory describes
the formation of a Universe with a beginning
and a structure. Modern cosmology as a
whole also contains an account of a Universe
that changes over time, as matter and
energy take on different forms, new particles
come into existence, space itself expands,
and structures such as stars and galaxies
emerge. The Big Bang theory, as part of the
Big History narrative, shares some other
features with traditional origin stories. For
example, in common with several of the
stories, it proposes that everything — all
matter, energy, space, and time — originated
from nothing. Big Bang theory and the \
traditional stories also set out to answer
many of the same questions — including how
did the Universe begin? The theory does not |
give a complete account of how the Universe
came to be the way it is now. For example,
it does not explain the origin of life or the
evolution of humans. But it does form part
of the larger framework of Big History that
attempts to answer these and other questions.
However, in one crucial respect, Big Bang
theory, like Big History in general, differs
from traditional origin stories in that it secks
to provide a literal and accurate account
of the Universe’s origins. It represents the
current state of scientific thinking, arrived at
after many centuries of both gradual change
and sudden leaps forward. Like other
scientific theories in Big History, the theory
also makes predictions that can be tested

against evidence, allowing it to be refined
or even disproved and overturned. Some » Brahma the creator

questions remain unanswered by Big Bang ~ According to some older forms of
Hinduism, the god Brahma, who is
- usually depicted with four heads,
most convincing account of when and how was born from a golden egg and

the Universe began. created Earth and everything in it.

theory. But, at least for now, it offers the

©6 THERE WAS NEITHER NON-EXISTENCE
NOR EXISTENCE THEN; THERE WAS
NEITHER THE REALM OF SPACE NOR

THE SKY WHICH IS BEYOND.

a collection of Sanskrit hymns, 2nd millenium Bce
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HARD EVIDENCE

THE NEBRA

SKY DISC

During the European Bronze Age, people developed their knowledge of
astronomy and put it to practical uses. The Nebra Sky Disc is a key piece
of evidence for observation of the sky at this time. Analysis of the disc’s
materials also reveals information about metalworking and trade.

The Bronze Age in Europe began around
3200 BcE. Dug up near Nebra in central
Germany in 1999, the 3,600-year-old Nebra
Sky Disc depicts the Sun, Moon, and 32
stars, including possibly the Pleiades star
cluster. It 1s the oldest known portrayal of
such a variety of sky objects. The disc also
reveals that its owners had measured the
angle between the rising and setting points
of the Sun at the summer and winter
solstices — the days of greatest and least
daylight each year.

There are two schools of thought as to
what the disc was used for or represents.
Some archacologists think that it was an
astronomical clock, which could have been

Pleiades

Sun or full Moon

Waxing Moon
or partially
eclipsed Sun

PHASE 1

A Phases in construction

The disc was made in three phases,
significantly separated in time, suggesting
it underwent some repurposing. The
addition of the sunboat indicates that it
may have taken on religious significance.

Sunset point at
summer solstice

» The golden arcs

The two arcs on the disc
span 82°, the angle between
the points on the horizon
where the Sun sets (or rises)
at the summer and winter
solstices for the location
where the disc was found.

Sunset point at
winter solstice

PHASE 2

Small discs may
denote stars, but
most appear to

be decorative, as
they do not match
known star patterns

used to indicate times for sowing and
harvesting crops and to coordinate the
solar and lunar calendars. Alternatively,
the objects on the disc may illustrate a

Large gold
disc probably
represents
the Sun

significant astronomical event — a solar
eclipse on 16 April 1699 BCE. On that
date, the Sun, as it was eclipsed by the
Moon, was close in the sky both to the
Pleiades and to a tight grouping of three
planets — Mercury, Venus, and Mars.

Whatever its exact use, the Nebra Sky
Disc provides clear evidence that some
Bronze Age people had made detailed sky
observations and also developed tools to
help them mark the passage of time and
the seasons.

Arcs added, one
of them covering
two stars

Sunboat added

PHASE 3

Holes were punched
into the rim after
other additions for an
unknown purpose

If the disc was held horizontally, its
edge would represent the horizon

Sunrise point
at summer
solstice

’ Metal sources

The disc’s copper came from
the Austrian Alps. Its tin —
used with copper to make bronze
—and its original gold were from
Cornwall, England. The gold in the arcs
and sunboat came from the Carpathian
Mountains in eastern Europe.
Evidently there were well-
established trade routes
across Europe at the time.

Sunrise point at Gold nugget

winter solstice
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The Pleiades

A group of stars on the disc may
represent the Pleiades star cluster,
of which the brightest stars could
have been seen with the naked
eye by Bronze Age skygazers. In
central Europe, the Pleiades would
have been a prominent evening
feature in the southeastern sky
around harvest time.

Stars and dust in the Pleiades

Golden arcs span the angle
between the setting (or
rising) points of the Sun at
summer and winter solstices

The Nebra hoard

The disc was buried with other
objects, including two swords
made of bronze with copper and
gold inlays, a chisel, two axeheads,
and two armbands, collectively
called the Nebra hoard. Itis not
known why the disc was placed
with these objects. The hoard was
buried in around 1600 BCE, but the
disc could be older. When first
examined by archaeologists, it was
suspected to be an elaborate fake,
but corrosion tests, excavation of
the burial site, and examination of
the other artefacts pointed to its
authenticity.

Bronze Age sword from the Nebra hoard

Gold crescent may signify
either a crescent Moon or
the Sun during a solar eclipse

Blue-green patina, caused

by oxidation of disc’s copper
content, was probably an
intentional decorative feature

The sunboat -

The arc of gold at the bottom of the Nebra sky disc

is thought to be a sunboat — the means by which some
ancient people imagined the Sun was conveyed from its
setting point in the west to its rising point in the east during
the night. The hairlike protrusions around the edge of the
arc might represent oars. If the arc is indeed a sunboat, it

would be the earliest known representation of one.
Gold arc, with hundreds
of tiny protrusions, may
epresent a sunboat and oars
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Sun’srays

Tower in
Alexandria

THE UNIVERSE FORMS
IN THE BIGBANG
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ASTRONOMY

BEGINS

For most of human history, people were too busy surviving to spend
much time thinking about the world’s underlying nature and origins.
But from around 1000 BcE, a few began to try answering key questions
about the Universe without recourse to supernatural explanations.

These thinkers — initially concentrated in
Mediterranean lands, especially Greece —
realized that to understand the world it is
necessary to know its nature, and that
natural phenomena should have logical
explanations. Although they did not always
find the correct answers, this leap marked
the start of a 3,000-year journey that has
led in the modern world to such key theories
as the Big Bang model of the Universe.

THE NATURE OF MATTER

The fundamental questions of what the
world is made of, and where matter came
from, are some of the oldest. In the 6th
century BCE, Greek philosophers such as
Thales and Anaximenes proposed that all
substances were modifications of more
intrinsic substances, the main candidates
being water, air, earth, and fire. In the 5th
century BCE, Empedocles claimed that
everything was a mixture of all four of these
substances, or elements. His near-
contemporary Democritus developed the
idea that the Universe is made of an infinite

| 4
[ /
/ /

Tower’s
shadow

Height of tower _,

A

800km (500 miles)

Length of /I

o

shadow

Angle at Earth’s
centre is equal /
to angle at which
shadow is castin  *
Alexandria

Centre of
Earth

/

¥, from Alexandria
to Syene

|

|

4 Well at Syene

<« Estimating Earth’s circumference
When the Sun was overhead above
awell at Syene, it cast a shadow at

an angle of about 7° in Alexandria.
Dividing this angle into 360°, then
multiplying the result by the distance
between the two places gave an
estimate of Earth’s circumference

of about 40,000km (25,000 miles).

number of indivisible particles called atoms.
Finally, in the 4th century BCE the influential
scholar Aristotle added a fifth element,
acther, to Empedocles’ four. Although
Aristotle was sceptical of the idea of atoms,
it is remarkable that the concepts of both
atoms and elements had been proposed
more than 2,000 years before either was
proved to exist.

EARTH’S SHAPE AND SIZE

Among many other ideas that Aristotle gave
his views on was the concept that Earth is

a sphere. Earlier Greek scholars, such as
Pythagoras, had already argued this, but
Aristotle was the first to summarize the

THE IDEATHAT EARTH IS FLAT
WAS STILL THE PREVAILING
VIEW IN CHINA UP TO THE

EARLY 17TH CENTURY

main points of evidence. Chief among them
was that travellers to southern lands could
see stars that could not be seen by those
living further north — explainable only if
Earth’s surface is curved. In 240 BCE,

by comparing how the Sun’s rays reach
Earth at Syene and Alexandria, the
mathematician Eratosthenes was able to
estimate Earth’s circumference. He came
up with a figure of about 40,000km (25,000
miles) — close to the true value known today.

EARTH AND THE SUN

Aristotle thought that Earth was at the centre
of the Universe and that the Sun, planets,
and stars move around it. This seemed like
common sense given that every night various
celestial objects (and during the day, the Sun)
could be seen moving across the sky from
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A Earth-centred Universe

This 17th-century illustration by Andreas
Cellarius depicts Aristotle and Ptolemy’s model.
Working out from the centre, the Moon,
Mercury, Venus, the Sun, Mars, Jupiter, Saturn,
and the stars move in circular orbits around Earth.

cast to west, whereas Farth itself did not
seem to move. An alternative view, put
forward by the astronomer Aristarchus, was
that the Sun is at the centre and that Earth
orbits it, but this idea did not gain much
credence. In 150 cE, Claudius Ptolemy — an
eminent Greek scholar living in Alexandria
— published a book called the Almagest, which
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THE FIRST ATOMIC 380,000 YEARS | THE UNIVERSE BECOMES 13.6BYA | THEFIRST
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A STATIONARY OR A
SPINNING EARTH?

Linked to the issue of what is

at the centre of the Universe, the

question of whether or not Earth
rotates was debated for around
2,000 years up to the 17th
century CE. The prevailing view
was that Earth does not spin, as
this fitted best with the idea of an
Earth-centred Universe.
However, there were opponents
to this view, including Greek
philosopher and astronomer
Heraclides Ponticus in the 4th
century BCE, as well as an Indian
astronomer, Aryabhata, and

Persian astronomers (Al-Sijzi and

Al-Biruni) between the 5th and A Ulugh Beg
15th centuries CE. Each proposed that V‘é”“”% at hi:

s observatory a
Earth rotat.es.and that the stars. apparent Samarkand, Ulugh Beg
movement is just a relative motion caused and other astronomers
by Earth’s spin. But it was not until the determined matters

such as the tilt of
Earth’s spin axis and
an accurate value for
and it was not until the 19th century that the length of the year.

it was categorically proved.

Copernican Revolution (see pp.24-25) that
Earth’s rotation became accepted as fact,

THE SIZE AND AGE OF THE UNIVERSE
A final popular subject for speculation
among carly philosophers was the question
of whether the Universe is finite (limited)
or infinite, both in extent and in time.
Aristotle proposed that the Universe is
infinite in time (so it has always existed)
but finite in extent — he believed that

all the stars were at a fixed distance,
embedded in a crystal sphere, beyond

_ which was nothing. The mathematician

- $ '1 Archimedes made a reasoned estimate

F!TPD:_I.'HE;IS BRAHEA. R

e T 4 of the distance to the fixed stars and

oy Plaionin] 5 realized it was vast (at least what we would
now call 2 light years) but stopped short

of claiming it to be infinite. In the 6th

century CE, Egyptian philosopher
John Philoponus opposed the prevailing

affirmed the prevailing view that Earth now Uzbekistan, during the 15th century) Aristotelian view by arguing that the

1s at the centre. Ptolemy’s detailed model made major contributions to knowledge Universe 1s finite in time. It was not until
fitted with all known observations but of the Solar System and in particular to the 20th century that scientists began to
in order to do so contained complex cataloguing star positions. find answers to these questions.

modifications to Aristotle’s original
ideas. For about the next 14 centuries,
the Earth-centred view of Aristotle and “

Ptolemy totally dominated astronomical

theory, and it was adopted throughout IN POSITION EARTH LIES IN THE MIDDLE OF THE HEAVENS
Europe by medieval Christianity. During \/ERY MUCH |_| KE |TS CENTRE

this time, Islamic astronomers such as ,,

Ulugh Beg (who worked from a great
observatory in Samarkand, in what is Claudius Ptolemy, astronomer and geographer, 90-168 ce
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i o the people of medieval Europe up to
the mid-16th century, the question of
how the Universe is organized had been
answered centuries before by Ptolemy, in his
modifications to ideas first asserted by
Aristotle (see pp.22-23). According to
Ptolemy, Earth stood still at the centre of the
Universe. Stars were “fixed” or embedded

BIG IDEAS

in an invisible, distant sphere that rotated
rapidly, approximately daily, around Earth.
The Sun, Moon, and planets also revolved
around Earth, attached to other invisible
spheres. For most people, this explanation
seemed reasonable — after all, looking up at
the sky at night, it did seem that Earth was
quite still, while all other objects in the sky,

FARTH ORBITS

THE SUN

V¥ The Solar System

in miniature

This model of the Solar
System, called an
armillary sphere, is a
Copernican version,
showing the Sun at the
centre and the planets
revolving around it.

In the 16th and early 17th centuries, the prevailing view of an Earth-
centred, or geocentric, Universe, as first put forward by the Greek
scholars Aristotle and Ptolemy, was challenged by a simpler Sun-centred,
heliocentric, model. This single idea eventually led to the scientific
revolution, a whole new way of thinking about the Universe.

including the Sun and stars, rose up in the
cast, moved across the sky, and then set
below the western horizon.

DOUBTS ABOUT GEOCENTRISM

The geocentric model of the Universe did
not satisfy everyone, however. A serious
doubt focused on what it predicted about
the planets. According to the original
Aristotelian version of geocentrism, the
planets rotated around Earth in perfect
circles, each at its own steady speed. But

if this was true, the planets should move
across the sky with unvarying speed and
brightness because they were always the
same distance from Earth —and this wasn’t
what was observed. Some planets, such as
Mars, varied hugely in brightness over time,
and when their movements were compared
with those of the outer sphere of fixed stars,
the planets sometimes reversed direction —
a behaviour called retrograde motion.

To deal with these problems, Ptolemy

had modified the Aristotelian model. For
example, he had planets attached not to

COPERNICUS WAS A DOCTOR,
CLERIC, DIPLOMAT, AND
ECONOMIST AS WELL AS

AN ASTRONOMER

the spheres themselves, but to circles called
epicycles attached to the spheres. To some
astronomers, these modifications looked
like “fixes” to fit the model to observational
data. From time to time, they suggested
alternative ideas, such as that Earth orbits
the Sun. But supporters of geocentrism had
what seemed an excellent reason for ruling
this out. They argued that if Earth moves,
the stars should be seen shifting a little
relative to each other over the course of a
year — but no such shifts could be detected
and so, they answered, Earth cannot move.

THE COPERNICAN MODEL

In the face of these arguments — and the

power of the Catholic Church, which

supported the established view — for

centuries there was little opposition to

the idea of a geocentric Universe.

However, around 1545, rumours

began circulating in Europe

that a new and convincing

challenge — in the form of

a Sun-centred theory
of the Universe — had
appeared in a book,



| THINK THAT IN THE DISCUSSION OF NATURAL
PROBLEMS \WE OUCHT TO BEGIN NOT WITH THE
SCRIPTURES, BUT WITH EXPERIMENTS AND

DEMONSTRATIONS.

De Revolutionibus Orbium Coelestium (“On
the Revolutions of the Celestial Spheres”),
by a Polish scholar, Nicolaus Copernicus.
Copernicus based his theory on several
assumptions. The first was that Earth
spins on its axis, and it is this rotation
that accounts for most of the daily motion
of the stars, planets, Moon, and Sun across
the sky. Copernicus considered that it was
inconceivable that thousands of stars were
rotating rapidly around Earth. Instead, he
proposed that their apparent motion was
an illusion caused by Earth’s spin. He
discounted an objection that this would
create catastrophic winds, pointing out
that Earth’s atmosphere was part of the
planet and so part of the motion.
Copernicus’s core assumption was that
the Sun, not Earth, is at or near the centre
of the Universe, and that the planets —
including Earth, just another planet — circle
the Sun at differing speeds. This system
could explain, in a simpler way, the motions
and variation in brightness of the planets
without recourse to any of Ptolemy’s “fixes”.
A third important assumption was that the
stars are much further from Earth and the
Sun than had previously been accepted.
This explained why the relative positions
of the stars as seen from Earth appeared
to remain fixed over the course of a year.

THE THEORY DEVELOPS

De Revolutionibus was published when
Copernicus was dying, and it was a century
or more before his theory became widely
accepted. One problem was that his model
contained misconceptions that had to be
corrected by later astronomers. Copernicus
clung to the idea that all movements of
celestial bodies occur with the objects
embedded in invisible spheres. In 1576,

the English astronomer Thomas Digges
suggested modifying the Copernican system
by removing the outermost sphere, in which
stars are embedded, and replacing it with a
star-filled unbound space. In the 1580s, the
Danish astronomer Tycho Brahe banished
the rest of the spheres in favour of planets

Galileo Galilei, astronomer, 1564-1642

moving freely in orbits. Brahe had observed
comets apparently passing through the
spheres, which convinced him that they
did not actually exist. He also observed a
supernova, contradicting a long-held idea
that no change takes place in the heavens.
Another shortcoming in Copernicus’s
theory was his belief that all celestial objects
must move in circles, which forced him to
retain some of Ptolemy’s “fixes”. But in the
1620s, the work of the German astronomer
Johannes Kepler showed that orbits were
elliptical, not circular. By removing most
of the remaining “fixes”, this simplified and
improved the heliocentric model. In the late
17th century, Isaac Newton expanded on
Kepler’s work, and with his laws of motion
and newly introduced force of gravity (see
pp-46—47), Newton was able to explain
exactly why celestial objects move in the
way they do. His work Principia effectively
removed the last doubts about heliocentrism.
These improvements in the Copernican
theory took place against the backdrop of

CHURCH REACTION

In 1616, the Roman Catholic Church
banned De Revolutionibus — a ban that was
enforced for more than 200 years. This
probably came about as a result of a
dispute the Church was having with the
astronomer Galileo Galilei, a champion

of the Copernican theory who had made
discoveries that supported heliocentrism.
In particular, in about 1610, Galileo had
discovered moons circling Jupiter, proving
that some celestial objects do not orbit
Earth. The dispute with Galileo caused

De Revolutionibus to undergo intense scrutiny
by the Church, and because some of its ideas

GALILEO NAMED JUPITER’S
MOONS THE MEDICEAN STARS
AFTER THE MEDICI FAMILY

seemed to go against biblical statements, it
was banned. In 1633, Galileo himself was
eventually put on trial and forced to recant
his views.

THE SCIENTIFIC REVOLUTION

Banned by the Catholic Church and viewed
ambivalently at first by astronomers, the
Copernican theory took time to catch on.
More than 150 years passed before some of
its basic assumptions were shown to be true

AT REST HOWEVER, IN
THE MIDDLE OF EVERYTHING

S THE SUN.

other important advances in cosmology. In
the early 17th century, the development of
telescopes helped establish that stars are far
more distant than planets and exist in vast
numbers. It was even suggested that the
Universe could be infinite. Kepler, however,
pointed out that it cannot be infinite, static,
and eternal, otherwise the night sky would
look uniformly bright due to there being a
star emitting light from every direction.
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W Nicolaus Copernicus, astronomer
- and mathematician, 1473-1543

beyond dispute. But what was important
about the theory was that it established
cosmology as a science and represented a
serious blow to some old, traditional ideas
about how the Universe works, many dating
from Aristotle. As such, it is often viewed as
ushering in the scientific revolution — a series
of advances between the 16th and 18th
centuries that transformed views of nature
and society in the early modern world.



Newton’s reflector

New record for the largest
telescope set in 1686 by
Christiaan Huygens, who
builds a95m (310ft) long
aerial, tubeless refractor.

- Refractor 3.5m (11"2ft) long
built by Johannes Hevelius,
1647. Hevelius subsequently
builds even longer telescopes
and uses them to make the

first accurate map of the Moon.

Telescopic sight
and micrometer
invented by William
Gascoigne, 1638,
facilitating more
accurate plotting
and measurement
of celestial objects.

Fraunhofer’s
spectroscope o

TIMELINES

SEEING THE
LIGHT

The telescope, and a lesser-known instrument,
the spectroscope, are the main tools with which
astronomers have expanded knowledge of the
Universe and its beginnings.

The first telescopes were designed to gather visible light only, and
within 100 years had split into two main types — refractors and
reflectors. In the 19th century, the spectroscope — which can be used to
study the composition and motions of celestial objects — was invented.
During the 20th century, bigger optical telescopes came along,
followed by radio telescopes. Innovations since the 1970s have included
launching telescopes into space and, in the case of radio telescopes,
arranging them on the ground in arrays.
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Spectra of nebulae, stars, and
galaxies are studied by William

and Margaret Huggins, 1860s.
They measure the redshifts of stars,
showing how fast they are moving.
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» Understanding
the atom

From around

1800 until the mid-
1920s, a step-by-step
evolution occurred in
the understanding of
atomic structure. Later,
from the late 1920s,
physicists found that
atomic nuclei have
asubstructure.

An atom is
like a tiny,
solid ball

THE ATOM
AND THE UNIVERSE

From the early 19th century to the late 1920s, a series of breakthroughs
occurred in the physical sciences. They transformed our understanding
of the workings and structure of the world at both infinitesimally small

scales and at the very largest, raising the possibility of an infinite cosmos.

These discoveries paved the way for the
advances of the 1930s to the 1950s, from
the realization that the Universe is
expanding to the development of ideas

on how energy and matter interact at

the subatomic level. Through the coming
together of ideas in cosmology and particle
physics, these breakthroughs eventually led
to the development of the Big Bang theory.

PROBING MATTER AND ENERGY
The idea that matter consists of atoms

was first suggested by the ancient Greek,
Democritus (see p.22). In the early 1800s,
an Englishman, John Dalton, revived the
idea. Dalton regarded atoms as indivisible,
but around the turn of the 20th century
experiments by scientists such as the New
Zealander Ernest Rutherford proved that
they have a substructure. Around the same

Each atom is
asingle,
indivisible entity

Dalton’s atom (1803) English chemist
John Dalton pictures atoms as extremely
small spheres, like tiny billiard balls, that
have no internal structure and cannot
be subdivided, created, or destroyed.

< Henrietta Leavitt
Over 20 years, Leavitt
studied 1,777 variable
stars at the Harvard
College Observatory
before stumbling upon
her key discovery.

time, the German theoretical physicist
Albert Einstein showed that matter and
energy have an equivalence. Simultancously,
a new field of physics, quantum theory, was
proposing (among other things) that light

can behave either as a wave or as a stream [ 4 f : /}' '
of particles. By the late 1920s, it was known A—‘ —

00

WHAT WE OBSERVE AS MATERIAL BODIES
AND FORCES ARE NOTHING BUT SHAPES
AND VARIATIONS IN THE STRUCTURE
OF SPACE.

99

Erwin Schrodinger, Austrian theoretical physicist, 1887-1961

Electrons Positively Positively Electrons orbiting
scattered like charged charged inaring (or rings)
raisins ina plum ground nucleus

pudding material

Thomson’s plum pudding (1904) The
discoverer of the electron, British physicist
).J. Thomson, suggests a “plum-pudding”
model, with negatively charged electrons
embedded in a positively charged sphere.

Nagaoka’s Saturnian model (1904)
Japanese physicist Hantaro Nagaoka
proposes an atom has a central nucleus,
around which the electrons orbit in one
or more rings, like the rings of Saturn.
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that atomic nuclei consist of protons

and neutrons and are held together

by a newly detected force, the strong

force. Also discovered at this time was
antimatter — subatomic particles that are
identical to their matter equivalents except
for opposite electrical change — and that the
coming together of matter and antimatter
can annihilate both, producing pure energy.

THE DISTANCES TO STARS

During roughly the same period, great
advances were made in understanding

the true scale of the cosmos. In 1838, the
German astronomer Friedrich Bessell made
the first reliable measurement of the distance
to a star other than the Sun, using a method
called stellar parallax. The star, although
one of the closest to the Sun, seemed at the

A LIGHT-YEAR - THE DISTANCE
LIGHT TRAVELS THROUGH
SPACE INAYEAR - IS ABOUT
9.5 TRILLION KILOMETRES
(6 TRILLION MILES)

time almost unimaginably far-off — what
would now be called 10.3 light-years away.
It was 1912 before a system was discovered
for estimating the distance to many more
remote stars. The discoverer was an

Empty
space
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American called Henrietta Leavitt. Her
breakthrough concerned a class of star
called Cepheid variables, which cyclically
vary in brightness. Leavitt found a link
between the cycle period and brightness
of these stars, meaning that if both could
be measured a good estimate could be
made of their distance from Earth. Within
a few years, it became apparent that some
stars are tens of thousands of light-years
away, while some vaguely spiral-shaped
nebulous patches in the sky, known at

the time as “spiral nebulae”, scemed

to be millions of light-years away.

SHIFTING NEBULAE

Between 1912 and 1917, the American
astronomer Vesto Slipher studied several
“spiral nebulae” and realized that many
were moving away from Earth at high
speed, while a few were approaching
Earth. He found this out by measuring

a property of the light from the nebulae
called redshift or blueshift. It seemed

odd that the nebulae were moving at

such speed relative to the rest of the
galaxy. Partly prompted by Slipher’s
findings, in 1920 a formal debate was

held in Washington, DC on whether these
nebulae might be separate galaxies outside
our own. The debate was inconclusive.
But within a few years, the answer had been
found — by another American astronomer

called Edwin Hubble (see pp.30-31).
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Galaxy appears slightly
redder to observer

< Redshift

When an object such as
a galaxy is receding at
high speed, light waves
from it appear stretched.
This causes features in
the galaxy’s spectrum,
such as prominent lines,
to shift towards the red
(long wavelength) end.
This is a redshift.

Redshifted
spectrum line

REDSHIFT

Galaxy
approaching
observer

Blueshifted
spectrum line

Galaxy appears slightly
bluer to observer

< Blueshift

Light waves from a
rapidly approaching
object appear squashed,
shifting features in the
spectrum towards the
blue (short wavelength)
end. This is a blueshift.

Wavelength
is squashed

BLUESHIFT

Cloud density varies

with probability that it
contains an electron

Nucleus as in
Rutherford
model

Tiny, very dense,
positively charged
nucleus

Nucleus as
in Rutherford
model

Cloud region
containing
electrons

Electrons moving
around randomly

Electron orbit

Rutherford and the nucleus (1911)
Rutherford proves experimentally that
an atom’s nucleus is much smaller and
denser than previously thought —and
that much of an atom is empty space.

Bohr’s electron orbits (1913) Danish
physicist Niels Bohr proposes that
electrons can move in spherical orbits,
at fixed distances from the nucleus,
and can “jump” between orbits.

Schrédinger’s electron cloud model
(1926) According to Austrian physicist
Erwin Schrédinger’s model, the locations of
electronsin an atom are never certain and
can be stated only in terms of probabilities.
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¥ Photographic
evidence

These two (negative)
photographic plates
were used by Hubble to
identify a specific
Cepheid variable star in
the Andromeda Galaxy.
Studies on this star were
crucial in confirming
that the Andromeda
Galaxy is outside

the Milky Way.
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THE UNIVERSE
GETS BIGGER

During the 1920s, two key breakthroughs led to a revolution in
understanding of the size and nature of the Universe. Both were
the result of discoveries made by the astronomer Edwin Hubble.

In 1919, Hubble arrived at Mount Wilson
Observatory in California, aged 30. His
arrival coincided with the completion of
what was then the largest telescope in the
world, a reflector with a 2.5m (100in)
wide mirror, called the Hooker Telescope.

ENDING THE GALAXY DEBATE

At that time, the prevailing view was that
the Universe consisted of just the Milky Way
Galaxy, although in 1920 a famous debate
(see p.29) had considered whether or not
some vaguely spiral-shaped nebulae — fuzzy,
star-containing objects — in the night sky
might be collections of stars outside our own
galaxy. Hubble, who had been studying
these nebulae, already strongly suspected
that they were outside our galaxy. In
1922-23, he used the Hooker Telescope

Hubble s note VAR! —¥4R

indicates he had found
.astar thatvaried in
brightness between
the two plates

nf-t“;a"

‘date on which |
plate was taken

to observe a class of stars called Cepheid
variables in some of the nebulae, including
what today is called the Andromeda Galaxy.
Cepheid variables stars whose distances can
be estimated by measuring their average
brightness and the lengths of their cycles

of brightness variation. As a result of his
observations, in 1924 Hubble was able to
announce that the Andromeda nebula and
other spiral nebulae were far too distant to
be part of the Milky Way and so must be
galaxies outside our own. Almost overnight,
the Universe had become a much bigger
place than anyone had previously imagined.

RECEDING GALAXIES
Hubble next studied a phenomenon that
had already been noted by an astronomer
called Vesto Slipher: many of the spiral
galaxies had large “redshifts” in their
spectra, meaning that they were
moving away from Earth at high speed
(see p.29). Again by observing Cepheid
!} variables, Hubble began measuring
the distances to these galaxies and
compared the distances to their
redshifts. He noticed something
remarkable: the more distant a galaxy
was, the greater was its recessional
velocity — a relationship that became
known as Hubble’s Law. Hubble
published his results in 1929. Although
he himself was initially sceptical, to other
astronomers it was clear that only one
conclusion could be drawn — the whole
Universe must be expanding!

THE HISTORY OF ASTRONOMY |S A HISTORY OF
RECEDING HORIZONS.

Edwin Hubble, American astronomer, 1889-1953
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The world’s largest telescope

Completed in 1917, the Hooker Telescope
was the world’s largest telescope for about
30 years. Its glass mirrors, which had to be
cast to an accuracy of a few millionths of an
inch, had to be kept cool to prevent them
warming up and becoming distorted.
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THE EXPANDING

UNIVERSE

Edwin Hubble’s work showed that many galaxies are receding from us
at a rate proportional to their distance. It was soon deduced that the
Universe must be expanding, but astronomers still had to understand
the nature of this expansion and what the Universe is expanding from.

By the beginning of the 1930s, scientists
were also starting to address a question

that philosophers had been pondering for
several millennia — has our Universe always
existed or did it have a beginning? Physicists,
mathematicians, and astronomers were now
in a position to try answering this question.

it became clear to many astronomers that
the Universe must indeed be expanding,
although neither Hubble nor Einstein was
convinced at first. Despite this, for many
years credit for the discovery was given to
Hubble, but today most experts agree it
should be equally shared with Lemaitre.

THE RADIUS OF SPACE BEGAN AT ZERO; THE FIRST STAGES
OF THE EXPANSION CONSISTED OF A RAPID EXPANSION
DETERMINED BY THE MASS OF THE INITIAL ATOM.

99

V¥ Georges Lemaitre
Arguably the first
person to propose

that the Universe is
expanding, Lemaitre was
a priest and physicist as
well as an astronomer.

EINSTEIN’S POSSIBLE UNIVERSES
The story of how scientists came to realize
that the Universe is expanding began in
1915 with the publication of Albert Einstein’s
general theory of relativity. This theory
1s a description of how gravity works at the
largest scales, and it defines what possible
universes can exist. Part of Einstein’s theory
consists of a set of equations that have to be
solved to give a description of the long-term,
large-scale behaviour of the Universe.
Einstein’s initial solution to his equations
suggested the Universe is contracting, but
he could not believe this, so he introduced a
“fix” — an expansion-inducing factor called
the cosmological constant — into his theory
to allow for a static universe. In 1927, the
Belgian astronomer Georges Lemaitre,
who had studied Einstein’s equations
and heard of Hubble’s measurements
of galaxy distances, proposed that the
whole of space is expanding — but
his hypothesis failed to attract
widespread attention. After
Hubble released his findings
about receding galaxies in 1929,

Georges Lemaitre, astronomer, 1894-1966

DISCOVERING THE BIG BANG

If the Universe is expanding, and the clock
is run backwards, then the further back in
time you look, the denser the Universe
becomes. But, as Lemaitre reasoned, one
can only go so far before the Universe is
crushed into an infinitely dense point. So
in 1931, he suggested that the Universe was
initially a single, extremely dense particle —

» Expanding space
The Universe’s expansion is most accurately
thought of in terms of space itself expanding
and carrying objects with it — called
cosmological expansion —rather than
galaxies and galaxy clusters moving away
from each other “through” space.

At the beginning of
time, all matter was
concentrated in a tiny
particle —Lemaitre’s
“primeval atom” —
which exploded
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a “primeval atom” as he called it — which
disintegrated in an explosion, giving rise

to space and time and the expansion of

the Universe. By 1933, Einstein (who had by
now abandoned his cosmological constant)
was in full agreement with Lemaitre’s theory,
calling it “the most beautiful and satisfactory
explanation of creation to which I have

ever listened”.

Simple physics dictates that the Universe
compressed into a tiny point would be
extremely hot. During the 1940s, Russian-
American physicist George Gamow, and
colleagues, worked out details of what might
have happened during the exceedingly hot
first few moments of a Lemaitre-style
universe. This included working out how
the nuclei of light elements, such as helium,
might have been forged, starting with just
protons and neutrons. The work showed
that a “hot” early universe, evolving into
what is observed today, is at least
theoretically feasible. In a 1949 radio
interview, the British astronomer Fred Hoyle
coined the term “Big Bang” for the model
of the Universe Lemaitre and Gamow
had been developing. At last, Lemaitre’s
startling hypothesis had a name, which
has stuck ever since.

Early galaxy clusters
were closer together
than they are today

Free gas and
dust notyet
absorbed into
galaxies
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Each disc represents 7 At alocal scale,

a galaxy gravity dominates over

expansion, holding galaxy

clusters together
A galaxy’s velocity
is estimated from
measurements of

its redshift
Over time, the space

The slope of the between galaxies and
line gives a value galaxy clusters empties
forthe Hubble out as free gas and dust
Constant are pulled into galaxies

A galaxy’s distance is
estimated by taking
measurements from
some of its variable stars

Inthe 1930s, it was
assumed that the rate
of expansion was at or
30 60 90 120 near a uniform rate —

DISTANCE FROM EARTH (millions of light-years) et

RECESSIONAL VELOCITY (km per second

A The Hubble Constant

If the velocities of a number of galaxies are plotted
against their distances, a “best fit” line can be drawn
close to all the plotted points. The slope of the line is
an estimate of the Hubble Constant, itself a measure
of the rate of the Universe’s expansion.

All galaxy clusters are
gradually moving away from
each other —thereis no
centre to the expansion

Some galaxies
gradually develop
spiral shapes
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THE BIG BANG

Since the 1930s, when the Big Bang theory was first
proposed, physicists and cosmologists have been
testing and developing the theory and filling in the
details of the first moments of the Universe.

Part of the work to improve Big Bang theory has been carried
out by experiments in which high-energy particles are collided

to re-create Big Bang-like conditions (see pp.36—37), and part has
been purely theoretical, involving the formulation of equations
and models. During the experimental side of this journey, many
new subatomic particles have been discovered. Another focus
of research has been the fundamental forces that govern particle
interactions. It has been known since the 1930s that there are four
of these forces: gravity, the electromagnetic force, the strong force,
and the weak interaction. During the Big Bang, it is theorized that
these forces were initially unified. Then, as the Universe cooled,
they split off, possibly triggering new phases of the Big Bang.
Gradually, physicists have fitted all the known particles and the
forces into a scheme called the Standard Model of particle physics.
One important change to the original theory was made in the
1980s by the American physicist Alan Guth. He proposed that at
a very early stage a part of the Universe underwent an extremely
fast expansion called cosmic inflation. Guth’s idea helped explain
some aspects of the Universe today, including why at the largest
scales matter and energy seem to be distributed very smoothly.
The reality of cosmic inflation is now widely accepted.

Up Down
quark quark

Electron

?

Gluon

o

Photon

Higgs boson

There are six types of
quark. Up and down
quarks are the most
stable and common.

This tiny subatomic
particle has a negative
electrical charge.

By carrying the strong
nuclear force, gluons
hold quarks together.

A photonis a tiny
packet of light or
other electromagnetic
radiation.

This particle is
associated with a
field that gives mass
to other particles.

A Fundamental particles

These particles are not, so far as is
known, made of smaller particles.
Some, such as quarks, are building
blocks of matter. Others, like gluons

and photons, are force-carrier particles.

10,000°C

Two down
quarks and one
up quark, plus
gluons, make
up a neutron.

A protonis
made of two up
quarks and one
down quark
plus gluons.

Proton

Neutron

A Composite particles

These particles are composed of other smaller
particles. Scores of different composite particles
have been identified, but protons and neutrons
are the only stable types.

For each of the six
@ @ types of quark there is
Up Down a corresponding type

antiquark antiquark called an antiquark.

] A positron is the positively

Positron  charged equivalent of the
electron.
Two up This consists
antiquarks of two down
and one down antiquarks
antiquark, plus and one up
Anti-  gluons, form Anti-  antiquark,
proton ananti-proton. neutron plus gluons.

A Antiparticles
These are particles with the same mass but an
opposite electric charge to their equivalent particles.
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Physics on a grand scale

The large, barrel-shaped machine
undergoing a refit here is a part of the

LHC called the electromagnetic calorimeter.
It measures the energies of electrons and
photons to a high degree of accuracy.
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RE-CREATING
THE BIG BANG

For years, researchers at the European Organization for Nuclear Research

(CERN) have used the world’s largest particle accelerator — the Large
Hadron Collider (LHC) — to smash particles together at extreme speeds
to re-create conditions that existed shortly after the Big Bang.

The LHC 1s the largest, most sophisticated
scientific instrument ever built. Located
underground on the French-Swiss border,

it accelerates two beams of high-energy
particles, moving in opposite directions,
through pipes connected in a ring with a
circumference of almost 27km (17 miles).
From time to time, the beams are made

to collide, and the results — which typically
include the appearance of short-lived, exotic
particles — are recorded by detectors around
the ring. The purpose of the LHC is to
study the range of subatomic particles

that can exist and the laws governing

their interactions.

Physicists hope these experiments will
refine their ideas about what happened in
the Big Bang and help them to investigate
some poorly understood cosmic phenomena.
The Big Bang-type conditions are re-created
only in miniature — so there is no chance the
experiments could trigger a new Big Bang
and the appearance of a new Universe.

NEW DISCOVERIES

One success of the LHC has been to create
a quark-gluon plasma, a maelstrom of free
quarks and gluons (see p.34) that is thought
to have existed for up to a microsecond

(a millionth of a second) after the start of
the Big Bang. This was achieved in 2015 by
colliding protons with lead nuclei, creating
minuscule fireballs in which everything broke
down momentarily into quarks and gluons.

In 2012, a long sought-after, high-mass,

extremely short-lived particle called the
Higgs boson was detected. Its existence
confirmed the presence of an energy field,
the Higgs field, that imparts mass to
particles passing through it. The significance
of this for the Big Bang is that it explains
how in the first moments of the Universe
particles such as quarks acquired mass,
causing them to slow down and combine

to form composite particles, such as protons
and neutrons.

Other notable successes include the
detection in 2014 of a pentaquark (consisting
of four quarks and an antiquark). This
discovery may allow scientists to study in
more detail the strong force that holds
quarks together.

13.6 BYA | THEFIRST
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A Seeking the

Higgs boson

This computer graphic
shows a particle
collision recorded
during the search for the
Higgs boson. It displays
features that could be
expected from the
decay of a Higgs boson
into two other bosons.
One of these decays to a
pair of electrons (green
lines) and the otherto a
pair of particles called
muons (red lines).

WE HAVE MADE THE DISCOVERY OF A NEW PARTICLE -
A COMPLETELY NEW PARTICLE — WHICH IS MOST PROBABLY

VERY DIFFERENT FROM ALL THE OTHER PARTICLES.

Rolf-Dieter Heuer, Director of CERN, 1948—, on the discovery of the Higgs boson
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V¥ Dark matter

In this image of a galaxy
cluster over 7 billion
light-years from Earth,
called El Gordo (“The
Fat One”), the blue haze
indicates the
distribution of dark
matter — hard-to-detect
matter that appears to
bind galaxy clusters
together gravitationally.
The pink haze indicates
X-ray emissions.
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Although the Big Bang model is now accepted by the vast majority
of astronomers, additional evidence is continually being sought to
support it. There are also some problems with the theory that need
to be addressed and some aspects that have yet to be understood.

A general point in favour of the Big Bang
model is that an important assumption on
which it is based, the cosmological principle
(see opposite page), has so far held true. The
model also works within the framework of
general relativity (see p.32), which is today
considered a pillar of cosmology. However,
these facts do not necessarily mean the Big
Bang theory is correct. To be sure of its
validity, specific positive evidence is needed
— but there is no shortage of this.

SPECIFIC EVIDENCE
The most important positive evidence
for the Big Bang is an extremely faint but

uniform thermal radiation coming

from the sky called the cosmic
microwave background (CMB). Early
supporters of the Big Bang theory
predicted that this radiation should
exist, and in 1964 it was detected
by two American radio
astronomers. The CMB arose
soon after the Big Bang, when
photons (small packets of radiant
energy) were freed from interacting
with matter and began to travel
unhindered through space.
Further strong evidence comes from
observations of deep space, looking back
billions of years in time. Such observations
have revealed objects called quasars (the
highly energetic centres of galaxies) that no
longer seem to exist today. Furthermore,
the most distant galaxies — that 1s, galaxies
as they existed 10—-13 billion years ago —
look different from closer, modern galaxies.
These observations suggest the Universe is
of a finite age and has evolved over time
rather than been static and unchanging.
One other important piece of evidence
comes from the predominance and
proportions of the chemical elements
hydrogen and helium in the Universe.
The ratios of these two elements in their
different forms (called isotopes) agree very
closely with what is predicted by the Big
Bang theory.

WE CAN TRACE THINGS BACK TO THE EARLIER STAGES
OF THE BIG BANG, BUT WE STILL DON'T KNOW WHAT
BANGED AND WHY IT BANGED. THAT'S A CHALLENGE
FOR 21ST-CENTURY SCIENCE.
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Martin Rees, British cosmologist, 1942—
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All-sky projection
The map is a projection
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Red-orange spots

These have a temperature just
0.0002°C higher than the average
CMB temperature

of measurements
collected across
the whole sky

A The cosmic
microwave background
The strength of the CMB measured
by the Planck spacecraft is shown here
as a temperature variation. Although
the CMB is uniform across the sky, a
finely graded scale has been used to
show tiny variations as coloured spots.

UNANSWERED QUESTIONS

One major problem in cosmology in general
is to shed light on the nature of “dark matter”
and how it may have arisen in the Big Bang.
Dark matter is an unknown substance that
emits no light, heat, radio waves, nor any
other kind of radiation — making it extremely
hard to detect — but it does interact with other
matter. Another challenge is to understand
“dark energy”. In 1998, it was discovered
that the expansion of the Universe has been
accelerating over the past 6 billion years. The
reason for the acceleration is not known, but
the mysterious phenomenon of dark energy
has been proposed as the cause. Very little is
known about it at present, but if dark energy
exists, it must permeate the whole Universe.
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Dark blue spots These areas
have a temperature just
0.0002°C lower than the
average CMB temperature

Temperature anomaly
Unexpectedly, one
hemisphere, centred
around this region, is
slightly hotter on average
than the other

Large cold area
This might be due to
ahuge void in space
around 6-10 billion
light-years away

In an area of sky several Ina much smaller area of sky,

billion light years across, no galaxies can be seen to be

structure can be detected in grouped into clusters rather
Other unanswered questions include why an  the distribution of galaxies than evenly distributed

excess of matter over antimatter appeared
during the Universe’s first few moments —
without it, no atoms could ever have formed
— and what caused the cosmic inflation that
produced the smooth distribution of matter
that we see in the Universe today. The final
question is “what triggered the Big Bang?”
and this, of course, may never be answered.

» The cosmological principle

This principle states that when viewed on a
sufficiently large scale, the Universe is uniform,
although on small scales there are clear variations
in the distribution of objects such as galaxies. | ‘

It follows from the cosmological principle that 5BILLION LIGHT- 150 MILLION LIGHT- 4MILLION LIGHT-
the Universe has no centre and no edges. YEARS ACROSS YEARS ACROSS YEARS ACROSS
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STARS ARE
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With space, time, matter, and energy in place
after the Big Bang, new powerhouses start to
appear — stars. These form as matter is packed
tighter and tighter together under the influence
of gravity. The extremely high temperatures that
result cause atoms to fuse together, releasing a
huge amount of energy and opening the door to
a new level of complexity in the Universe.




GOLDILOCKS CONDITIONS

The early Universe was shaped by two ingredients, both of which
emerged while it was less than a second old. Gravity acted on tiny
variations in the density of matter, setting in train processes that
led to the formation of the first stars and galaxies and,

ultimately, a far more complex Universe.

What changed?

The early Universe consisted of hydrogen and
helium — and another form of matter called dark
matter. It was also completely without light. Under
the influence of gravity, matter began to clump
together. As it did so, it heated up until nuclear
fusion reactions began, forming the first stars and
lighting up the Universe. Over time, the new stars
clustered together into galaxies.



Today, interstellar
space is filled
with plasma

Star’s materials
are blasted
into space

Star explodes
as supernova

Plasma bubbles
around stars grow
and merge

Clouds become
hotter and denser

Hydrogen and
helium nuclei fuse
inside clouds

GRAVITY PULLS
MATTER TOWARDS
AREAS OF HIGH
DENSITY, FORMING
CLOUDS

A star uses fuel
quickly, creating

new elementsin
the process

UV radiation
interacts with atoms
around stars, forming
a charged gas called

aplasma

Fusion releases
vast amounts
of radiation

Stars emit

MATTER TAKES

SIMPLE FORMS — e
ATOMIC NUCLEI THEFIRST UV radiation
(PROTONS AND STARS FORM

NEUTRONS) AND

DARK MATTER

Newly formed stars
cluster around
concentrations of
dark matter

Supermassive
black holes form
at centres of
large galaxies

First galaxies form
as clusters of stars
are attracted to
each other

Matter falling
towards a black

hole heats up, releasing
vast amounts
of radiation

Huge amounts
of matter gravitate
towards centres
of galaxies

Early galaxies
gain order and
structure

Mergers inject
mass and energy

Galaxies collide
and merge
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THE FIRST STARS

TYPICAL FIRST-
GENERATION STAR

O

THE SUN
For its first 200 million years, the Universe was a dark place. But things

changed dramatically when clouds of gas collapsed to form the first stars.

Inside, new chemical elements formed, and at the ends of their short

lives the stars exploded, dispersing the elements into space.

During the Epoch of Recombination, although it was also dark, for there were no HOW STARS FORM

380,000 years after the Big Bang (see p.34),
positively charged hydrogen and helium
nuclei combined with negatively charged
electrons to form neutral (uncharged) atoms.
Until this point, collisions with free electrons
had prevented photons of light from moving
any distance in a straight line. Now the
Universe became transparent to light,

sources of light. It was a time cosmologists
refer to as the Cosmic Dark Ages. Amid the
dark soup of neutral gas was even darker
stufl: dark matter. Scientists have little idea
about the nature of dark matter, although
they do know there is lots of it and that it is
affected by gravity but doesn’t interact with
light or any other form of radiation.

Tiny variations in the density of the dark
matter and the hydrogen and helium gases
caused vast clouds of gas to collapse under
the influence of gravity to form huge
spherical clumps of matter. This would
have happened without dark matter but
much more slowly — so slowly that no stars
would have formed to this day.

The enormous energy liberated in the
collapse heated the balls of gas. At the
increasing densities deep inside the balls of

Epoch of Recombination
380,000 years after
BigBang

Cosmic Dark Ages gas and as a result of the high temperatures

The Universeisan 13.796 to 13.4 BYA

opaque plasma of
positively charged
hydrogen and
helium nuclei

The first stars

Early star
form 13.6 BYA

forming inside
gas cloud

NEUTRAL
HYDROGEN AND
HELIUM ATOMS

Hydrogen and
helium gases
begin to clump
together to
form clouds

Filament of
dark matter

» Lighting up the early Universe
The first stars formed about 200 million years after
the Big Bang from clouds of hydrogen and helium
gas. The intense ultraviolet light produced by these
stars re-ionized the space around them, leaving
behind charged atoms (or ions) and free electrons
—and defining the character of interstellar space
we see today.



A The size of early stars

According to astrophysicists’ best models,
most early stars were much larger than the
Sun and hundreds of times as massive.

at their cores, hydrogen and helium nuclei
collided, and some of them joined together,
or fused. This nuclear fusion resulted in the
production of more helium nuclei from the
hydrogen nuclei, and new, heavier elements
— including boron, carbon, and oxygen —
from the helium nuclei (see pp.58-59).

The nuclear fusion inside the collapsing
balls of gas released a huge amount of
energy, enough to heat the gas to incredibly
high temperatures. That made the gas
expand, buoying it up against further
collapse. The high temperature also
made the balls of gas glow brightly —
to become the first stars.

The extremely hot first stars emitted large
amounts of powerful ultraviolet radiation
that had far-reaching effects. When the
intense radiation hit neutral hydrogen and

Stars form in clusters that
coincide with concentrations
of dark matter

The first stars
explode as
supernovas

13.5BYA

f’ff

13.45BYA | RE-IONIZATION OF
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helium atoms still in space, its energy
separated the electrons from their nuclei
—just as they had been before the Epoch

of Recombination. This “re-ionization”
created a plasma bubble, of hydrogen

ions, helium ions, and free electrons, in

the space around each star. Interstellar
space today is an extremely tenuous plasma
that was created by this re-ionization, and
nearly all radiation can pass through it.

SHORT LIVES

The first stars were large and massive:
probably dozens of times the diameter of
the Sun and with hundreds of times as much
mass. Such stars burn out quickly. The first
generation of stars probably only lived for a

FIRST-GENERATION STARS LIVED
ONLY A FEW MILLION YEARS
BEFORE EXPLODING AS
VIOLENT SUPERNOVAS

Re-ionization starts
|1 3.45BYA

Ultraviolet radiation
from hot star creates
bubble of ionized
plasma

13.4BYA | THE FIRST CGALAXIES

START TO FORM

< Early light

This is an artist’s
impression of CR7, a
small, bright galaxy. At
12.7 billion light years
away, CR7 appears as
it was about a billion
years after the Big Bang.
It represents the best
evidence so far of
first-generation stars.

few million years, compared to several billion

years for an average star in later generations.
As the hydrogen and helium “fuel” began

to dwindle at the cores of the stars, they
cooled, enabling the collapse to begin again,
eventually causing the stars to explode as
supernovas (sec pp.60—61). The explosions
threw a cocktail of new elements and the
remaining un-fused hydrogen and helium
out into space. This cocktail formed the
ingredients of a second generation of stars.

Clusters of stars
are drawn together
into dwarf galaxies
13.4BYA

Dwarf galaxies
combine to form
larger galaxies,
including spiral
galaxies

As re-ionization
continues, bubbles
of plasma merge,
and eventually the
Universe is filled
with plasma
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THE PUZZLE
OF GRAVITY

13.5BYA | THEFIRST STARS EXPLODE

AS SUPERNOVAS

V¥ Isaac Newton

In the late 1680s,
Newton published

both his Universal

Law of Gravitation —
the first scientific
theory of gravity —and
his three laws of motion.

The ancient Greek philosopher Aristotle

supposed that Earth is at the centre of the
Universe and that everything has a natural
tendency to move towards it. According to
Aristotle, heavier things have more of
this tendency and so fall faster.
Although Aristotle’s simple notion
was superficially supported by
observations, experiments by Italian
scientist Galileo Galilei in the 17th century
showed that he was wrong. Galileo’s
experiments led him to predict, correctly,

Gravity, or gravitation, plays a crucial role in the formation of stars and
planets because it causes matter to clump together. The modern theory
of gravity, Einstein’s general theory of relativity, accurately explains its
effects. Nevertheless, the true nature of gravity remains a mystery.

that in the absence of air resistance, all
falling objects would accelerate downwards
at the same rate. English scientist Isaac
Newton made sense of Galileo’s prediction
with his Universal Law of Gravitation.

NEWTON'’S GRAVITY

Newton realised that what makes things fall
to the ground here on Earth also keeps the
Moon in orbit. He proposed that gravity is

a force and derived an equation that could
predict the strength of the force between any

two objects. According to Newton’s law, the
force depends on the masses of the objects
and the distance between their centres.

By combining his law of gravitation
with his laws of motion, Newton was able to
account for the motions of any object under
the influence of gravity — from projectiles
on Earth to planets in space. His theory was
accepted for over 200 years — and scientists
still use his equation in most situations
where they need to calculate the effects
of gravity. However, in the 19th century,

Gravitational
force on star s
equal to force

Gravitational

forceon Star hardly moves

planet on planet

Under the influence of gravity,
the planet falls towards the star,
following a curved orbital path

=y
g
T
- e e

Without gravity, the _/

planet would follow a
straight line path

60

A Newton’s theory

-_— e o o o mee o

= pp— 4

because of its large mass

p——

In Newton’s theory, a
star and planet exert an
attractive force on each
other. Both are subject
to an equal force, but
the effect on the planet
is more obvious because
it has a lower mass.

NEWTON HIMSELF WAS BET TER AWARE OF THE WEAKNESSES
IN HIS INTELLECTUAL EDIFICE THAN THE GENERATIONS OF
LEARNED SCIENTISTS WHICH FOLLOWED HIM.

99
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Albert Einstein, German physicist, 1879-1955
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calculations of the orbit of planet Mercury,
at odds with observations, showed Newton’s
theory to be flawed. In 1915, German
physicist Albert Einstein proposed a radical
new theory of gravitation — the general theory
of relativity — that could accurately predict
the orbit of Mercury. And according to
Einstein’s theory, gravity is not a force at all.

EINSTEIN’S GRAVITY

General relativity is an extension of special
relativity, a theory Einstein published in
1905. Special relativity was an attempt to
reconcile Newton’s laws of motion with the
theory of electromagnetism, developed in
the 1860s. To do that, Einstein had to
abandon the idea that space and time are
absolute: people in motion relative to each
other measure distances and intervals of
time differently — the differences only
become significant at extremely high relative
speeds. One of the direct consequences of
special relativity was the realization that
time is a dimension, just like the three
dimensions of space, and that all four exist
in a four-dimensional grid called spacetime;
objects therefore move through spacetime,
not space.

In order to generalize special relativity
to include gravity, Einstein realized that
objects with mass distort spacetime. The
more massive an object, the greater the

Curved sheet
represents disorted
spacetime

There is no force on the planet; instead, it
freely follows a curved path, because it is
the shortest distance around the star

distortion. Objects travelling freely through
distorted spacetime follow curved paths. So
projectiles and planets are simply following
the equivalent of straight line paths, but in
distorted spacetime. A force is needed to
change an object’s path. For example, the
ground pushes upwards on a person’s feet,
which stops the person from following a
path that would take him or her
“freefalling” towards the centre of Earth.
For a star, the expansion of the hot gas of
which it is made provides the force necessary
to stop it collapsing — expansion that lasts as
long as the star produces heat (see pp.56-57).

EINSTEIN’S PREDICTIONS

The general theory of relativity has been
tested many times, to extremely high
precision. It has also made several important
predictions, such as the idea that light must
also follow the curved paths of distorted
spacetime. The result is a phenomenon
called gravitational lensing, which is evident
in the distorted views of distant galaxies
whose light has been bent as it passed close
to nearby galaxies. Another key prediction is
the existence of gravitational waves: ripples
in spacetime emanating at the speed of light
from any very energetic event. In 2015,
scientists detected the first hard evidence

of the existence of gravitational waves,
produced by the merging of two black holes.

Lines called geodesics
represent the shortest
distances between points

in spacetime the indentation

THE PUZZLE OF GRAVITY ‘ 47

Massive objects indent the
sheet — the more massive
the object, the deeper

Planet’s path is
acircular or
elliptical orbit

13.4BYA | THE FIRST GALAXIES
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< Gravitational waves
The first gravitational
waves ever detected
resulted from the
merger of two black
holes. Here, the waves
are represented as
ripplesinatwo-
dimensional sheet of
spacetime. These
ripples were detected
by sensitive equipment
on Earth.

Despite the success of general relativity, the

theory is at odds with quantum mechanics,
an equally well-tested cornerstone of
modern science. Quantum mechanics
accurately describes the behaviour of matter
at the atomic and subatomic scales, while
gravity accurately describes the behaviour
of matter at much larger scales — but the two
theories are incompatible. The search for

a quantum theory of gravity is a major
concern of modern physics, and it is likely
that Einstein’s theory of gravity will be
reinterpreted or superseded as part of

a grand theory that can describe the
behaviour of matter at all scales. One

thing is certain: the puzzle of gravity

1s not yet solved.

V Einstein’s theory

The best way to illustrate the curves of
distorted four-dimensional spacetime is as
atwo-dimensional sheet. A massive object
creates an indentation in the sheet, causing
objects nearby to follow curved paths.

The distortion of spacetime
causes distance between
adjacent geodesics to increase
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V¥ Galaxy evolution
In the absence of
direct observations,
astrophysicists
construct simulations
to test their theories
of how the first galaxies
formed. The images
below are snapshots
from one of those
simulations.

DARK MATTER

THE FIRST
STARS FORM
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GALAXIES

A galaxy is a vast congregation of stars orbiting a common centre.

The first galaxies began to form soon after the first stars, around
clumps of dark matter. Mutual gravitational attraction caused these
small galaxies to merge, each merger sparking new flurries of star birth.

Dark matter was crucial in the creation

of the first galaxies, just as it was for the
formation of the first stars (see pp.44—45).
Slight variations in the density of dark
matter in the early Universe caused the dark
matter and ordinary matter — in the form

of hydrogen and helium gas — to clump
together. The dark matter formed a network
of sinuous filaments and nodes, or haloes, at

ORDINARY MATTER

0.6 billion years old Dark matter clumps together
due to gravity, attracting hydrogen and helium gas
(red in the bottom image) into its filaments and
nodes. Clusters of stars (blue dots) form where
the density is particularly high.

various scales. The clumping process drove
the formation of individual stars as the
concentrations of matter began to rotate
and heat up, eventually resulting in nuclear
fusion (see pp.56—57). At a larger scale, the

same process also produced clusters of stars.

Each star cluster, plus its surrounding gas,
was attracted to neighbouring clusters, and
the Universe’s first galaxies were born.

1 o (0 (0 () ) (o (o ) ) ) L () )

THE FIRST STARS EXPLODE
AS SUPERNOVAS

{1 1 111111111 o i o o ot o o ()

GROWING GALAXIES

As matter fell towards matter, the dark
matter haloes grew in size, and so did the
galaxies. Like water draining down a plug
hole, much of the matter began to spin as
it fell, so that it went into orbit around the
most dense, central part of the halo. As a
result, galaxies that began as irregularly
shaped masses began to gain order and

1.0 billion years old The dark matter has further
collapsed in on itself, increasing the gravitational
attraction on stars and gas. A small, irregularly
shaped galaxy forms, its stars orbiting a point

atits centre.

48 | THRESHOLD?2
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haped

elliptical galaxies. But with each merger,

ructure disrupted, only to be
ined or developed millions or billions
s later. The mergers injected energy

and mass, too, and the rate of star formation
and star death increased. Each star inside

ung galaxy inevitably ended its life in a
powerful supernova explosion that filled the
0 ith the elements that would seed the
next generation of stars and even planets.

SUPERMASSIVE BLACK HOLES
'h much of the and many of the

tayed in orbit around the centre of
each galaxy, huge amounts of the matter fell
towards the centre. In large gale , the
density at the centre increased so much that
a supermassive black hole (see p.47) formed
there. As matte

13.4BYA | THE FIRST CALA
START TO 1
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<4 Merging galaxies
Astronomers observe
many merging galaxies.
Shown here is NGC
4676 — also known as
the Mice Galaxies —a
pair of colliding galaxies
around 290 million

radiation has been stretched to such an X
light-years away.

extent by the expansion of space that it
arrives as long-wavelength infrared and

-

Universe today, including our own, still have
supermassive black holes at their centres.

[IN SIMULATIONS] YOU CAN MAKE STARS AND GALAXIES
THAT LOOK LIKE THE REAL THING. BUT IT IS THE DARK
MATTER THAT IS CALLING THE SHOTS.

Professor Carlos Frenk, cosmologist, 1951—

4.7 billion years old Several galaxies have come
together, forming a much larger structure millions
of light-years across. Each small galaxy that merges
brings new material, and the increasing density
leads to a burst of star formation.

13.6 billion years old The galaxy has become stable,
merging with others less often. It has a spiral shape,
like that of a hurricane, and a supermassive black hole
at its core. Fragmented debris of its progenitor
galaxies lies around it.

THE FIRST GALAXIES




HARD EVIDENCE

F BB e X EVI
DEEP FIELD

Taken by the Hubble Space Telescope, the eXtreme Deep Field records
faint light from thousands of galaxies in a small area of sky. The deepest
view of space ever captured, it provides the best evidence we have about
the early Universe’s stars and galaxies.

When we look out into space, we are looking
back in time, because the light from distant
objects left a long time ago. Light that left a
galaxy 5 billion years ago will appear
extremely faint, however bright the galaxy
was at the time. Imaging such a dim object
requires a long exposure time — not

a fraction of a second, like a typical
photograph, but millions of seconds.

In 1995, astronomers pointed NASA’s
Hubble Space Telescope at a tiny patch of
sky for over 140 hours and combined a total
of 342 images into a single, remarkable
image called the Hubble Deep Field. In
2004, NASA scientists produced the even
more remarkable Hubble Ultra Deep Field
— an image with an even longer exposure,
on a different patch of sky. Observations on
that area continued over the next eight

» Looking back The largest, brightest objects
in the XDF include mature galaxies that appear
as they were about 5-9 billion years ago —when
they had grown by merging and were populated
by second- or third-generation stars. Galaxies
in the background are smaller: young, irregular
galaxies seen as they were over 9 billion years
ago. The foreground is relatively empty because
the XDF team chose an area almost devoid of
nearby galaxies and stars in our own galaxy.

LESS THAN
5BILLION YEARS AGO

years, and the addition of an infrared
camera to the telescope in 2009 meant that
objects whose light has been redshifted (see
p-29) beyond the visible spectrum and into
the infrared could also be seen. The new
observations were combined with the Ultra
Deep Field, and the result was published in
2012 as the Hubble eXtreme Deep Field
(XDF). Light from the most distant galaxies
in the XDJF took more than 13 billion
years to reach us, and they appear one
ten-billionth as bright as the dimmest
thing visible to the naked eye.

Containing evidence of galaxy mergers
(see p.49), extreme redshifting, and
gravitational lensing (see p.47), the Hubble
XDF is a significant piece of evidence in
support of the most convincing theories we
have about the evolution of the Universe.

MORE THAN
9BILLION YEARS AGO

5-9BILLION
YEARS AGO

Relatively nearby
galaxy looks red
asitsstarsare
running low on
hydrogen fuel

This foreground
starisinour
own galaxy

Light from this
very faint galaxy,
called UDFj-
39546284, took
13.4 billion
light-years to
reach Earth

This relatively
nearby objectis a
spiral galaxy, like
the Milky Way,
seen front-on
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’ Field of view -

Next to the full Moon, the Hubble eXtreme
Deep Field covers a tiny area: less than one

ore resgt ilionth of th f the whole sk

galaxies are Distant galaxy twenty-millionth of the area of the whole sky.

the result of appears red due To see the image at its true size, you would need

mlzrgersloflsmaller, f?c Tedl;"hrif“”g to hold this page about 300m (1,000ft) away. It

o TR ofits light is remarkable that more than 7,000 galaxies can
be seen in such a small field of view — and to think
that each tiny dot in the image is a collection of
millions or billions of stars frozen in time.

XDF’s field of view, with the Moon for comparison

‘ Early galaxies -

The XDF gives astronomers a unique
view of galaxies as they were during the
Universe’s first few hundred millions of
years, when they were relatively small,
irregularly shaped groups of stars. As they
collided and merged, most became spiral
shaped because the collisions resulted in
rotation. The Universe was smaller when
the light captured in the XDF left the
young galaxies. As space has expanded,
the light has been “stretched”, shifting its
frequencies towards or even beyond the
red end of the spectrum, which is why so
many of the XDF galaxies appear reddish.

Close-up of heavily redshifted galaxy merger

HUBBLE EXTREME DEEP FIELD
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NS ARE

FORGED

We all come from dying stars. All the
elements that make up our world originated
there. Stars are hungry, and as some of them
use up their fuel, age, and finally die, they
collapse and go out with a tremendous
explosion of energy. But from star death
come new building blocks — the elements —
pushed out into the Universe to start
something new.



GOLDILOCKS CONDI

The formation of the first stars had profound consequences. As well
as lighting up the Universe, stars act as chemical factories, producing
new chemical elements that provide the raw materials for everything
else in the Universe, including living things.

What changed?

As stars run out of hydrogen fuel,

they begin to collapse, getting hotter
and denser.

[ONS




AS ONE ELEMENT
RUNS OUT, STAR
COLLAPSES AGAIN,
LEADING TO SURGE
IN TEMPERATURE
AND START OF NEW
FUSION PROCESS

ANOTHER TYPE OF
FUSION REACTION
BEGINS, FORMING
ELEMENTS SUCH
AS CARBON

First 26 elements
in periodic table,
up toiron, form

in this way

Star collapses
for the last time,
then explodes in

supernova

Some new elements
mix with other
elements from dead
stars to form
complex molecules

Some hydrogen and
helium will provide raw
materials for next
generation of stars

Process called
neutron capture forms
even heavier elements,

creating all elements
up to uranium

Universe is
now chemically
more diverse, with
92 elements

Supernova
scatters new
elements
into space
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THE LIFE CYCLE
OF ASTAR

Just like humans, stars are born, grow old, and die. The way a star ends its
days depends on its mass, with the largest stars exploding as supernovas.
These detonations furnished, and continue to furnish, the Universe with
heavier elements, recycling material ready for it to be turned into new stars.

Consequently, the life cycle of stars also

played a crucial role in the emergence

of life on Earth. Essential ingredients —

including the calcium in your bones and

the iron in your blood — were forged inside

stars, only for supernovas to spread them
¥V Sun-like star
Stars like the Sun
typically live for around
10 billion years. After
entering a red giant
phase, they form a
planetary nebula — and
usually do not explode

far and wide.

Stars come in a vast array of sizes.
Astronomers classify them into seven main
groups from largest to smallest denoted by
the letters O, B, A, F, G, K, and M. Our Sun
is a G star, meaning there are bigger and
smaller stars out there than our own. The

as supernovas.

A SUPERGIANT STAR CAN
HAVE AVOLUME 8 BILLION
TIMES THAT OF THE SUN

governs how long it will live. The larger the
star, the quicker it will consume its nuclear
material. O stars live fast and die young,
often dying out within just a few million
years, whereas the smallest stars can cke
out their existence for trillions of years.

balance is maintained, but things change
when fusion eventually stops. Astronomers
refer to a star still fusing hydrogen into
helium as a main-sequence star. Once

this fusion ceases, the star evolves off the
main sequence.

For all but the smallest stars, the core
contracts and the temperature rises to
around 100 million degrees Celsius.
This 1s hot enough for helium to fuse into
carbon, which creates enough energy to
upset the balance the other way and the
star bloats outwards. Then, depending

smallest stars, known as dwarfs, are the on size, it will either turn into a planetary

LIFE STAGES

Stars begin their lives as protostars,

most common. M stars, for example, nebula with a white dwarf at the centre,

make up more than 75 per cent of all or detonate as a supernova, leaving behind a

stars. By contrast, O stars account formed from clouds of interstellar dust neutron star or

for just 0.00003 per (see pp.44—45). Nuclear processes in a star’s  black hole.
cent. The size core then shore it up against gravitational
of a star also collapse. For most of a star’s life, this
The supply of hydrogen

decreases — eventually fusion
ceases, and there’s nothing
to counteract gravity
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The core contracts, and
the temperature rises to
100 million degrees

Fusion in the core supports
the star against
gravitational collapse

The increased temperature allows
helium to fuse into carbon but this
creates more energy, causing the
star to surge outwards

A cloud of gas and dust
collapses under gravity
to form a protostar
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VAST CLUSTERS OF GALAXIES STARTS TO ACCELERATE
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OURSOLARSYSTEM
STARTS TO FORM

» Low-mass star Stars less than a quarter Hydrogen fusion The star finall

These smaller stars are able to of the Sun's mass don't c;/n cognhnue for runs out of fuel anc)il

mix their interiors, meaning that become red giants trillions of years forms a white dwarf

the core’s supply of hydrogen 5 J

gets replenished by the outer o —>.— — —>. —b. — —>. —’.— —>.— see0ee

layers falling towards the centre < ﬂ

= so the core doesn’t contract to PROTOSTAR MAIN-SEQUENCE RED WHITE

start helium fusion. STAR DWARF DWARF
. Heavier elements The star collapses, and

» High-mass star These hot blue stars get fuse together and the infalling material

The evolution of more massive through their nuclear eventually form rebounds outwards in a

stars is initially similar to that of material quickly aniron core violent explosion
Sun-like stars. But they form red

supergiants, il.'15tead of red giants, | ‘ °_> _>°_>°4>°_>°

and eventually supernovas. The

star’s ultimate fate depends on HOLE For the largest stars,
its mass. theiron core becomes
ablack hole

For smaller stars, a
neutron star is formed

PeRePsFPeREeEeERERRERRRRERSRSARS

PROTOSTAR MAIN-SEQUENCE SUPERGIANT TYPEII NEUTRON
STAR STAR SUPERNOVA STAR

66
STARS ARE BORN, LIVE — OF TEN FOR BILLIONS OF YEARS — AND DIE....
SOMETIMES IN A SPECTACULAR MANNER. 9

Carl Sagan, American astronomer, 1934-1996 %\ |

L
% AP
This white dwarf is The white dwarf \\“ m* il',f*r! 4
orbiting a main- can rip material \*\\\ .'/) ";
sequence star _. from its partner
Half of the star’s mass (—’ —-’ =
ends up in a central, BINARY
Earth-sized core / SYSTEM
; /, 4
Eventually, the white dwarf
becomes unstable and
explodes as a supernova
Initially, the white Over time, the white
dwarfis hot and dwarf fades away
glows brightly into a black dwarf
Helium fusion is \
less stable, and )
the star sheds its i ® @ @ ¢ ® o ¢ ® O
ter laye
outeriayers WHITE DWARF BLACK DWARF
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HOW NEW ELEMENTS
FORM INSIDE STARS

Before the first stars shone, the Universe was just a sea of hydrogen, helium, and
residual energy from the Big Bang. The chemical diversity in the Universe today
is due to stars — effectively, vast atom factories — churning primitive materials
into more complex elements and then flinging them outwards when they die.

Inside stars, the temperature is high
enough to rip electrons away from the
nuclei of atoms. In the case of hydrogen,
this leaves solitary protons (and electrons)
wandering around the star’s interior.
Matter in this state is known as plasma.
Due to their like electric charges, protons
repel each other, rather like similar poles
of a magnet.

NEW ELEMENTS IN STARS

However, deep in the core of the star, the

temperature and pressure are high enough

to squash protons together. Known as

nuclear fusion, this process releases energy

and 1s the star’s power source. It also exerts

an outward pressure that counters the

inward pull of gravity.

The simplest fusion mechanism is

called the proton-proton (or chain.
¥V The triple P P (or pp)
alpha process
In this process, two
helium-4 nuclei fuse
into beryllium-8, which
becomes carbon-12
when struck by a third
helium-4 nucleus.
Helium-4 nuclei are
also called alpha
particles, and so this
mechanism is known as
the triple alpha process.

In the first step, one of the fused protons
turns into a neutron, creating a new
proton-neutron pair called a deuteron.
This is bombarded by another proton to
create the nucleus of a helium-3 atom.
When two of these helium-3 atoms collide,
they create a helium-4 nucleus, along with
two protons, which can start the whole
process again. The German—American
physicist Hans Bethe was a key player

Gamma ray emitted as two
helium-4 nuclei fuse to form -7

beryllium-8 nucleus i ‘ Gamma ray
j : / (high-energy
Helluﬂ‘-4 [ photons)
Helium-4 & / nucleus |
nucleus, or .

alpha particle

A~ _ A\
Helium-4 \\A Vi
nucleus //* ;

Beryllium-8
nucleus

¥

£

Proton &
Neutron Carbon-12

nucleus

Helium-4
nucleus Helium-4 and beryllium-8
nuclei fuse to form carbon-12

nucleus

in uncovering this process and was awarded
the 1967 Nobel Prize in Physics for his
work. Crucially, the total mass of the
products of the pp-chain is less than the
mass of the ingredients entering into it. In
the Sun, for example, 620 million tonnes

At this point, the temperature in the core
has soared to three billion degrees Celsius,
which is enough to force two silicon nuclei
together to form iron. In this way, a wealth
of elements builds up in shells within the
star, resembling the layers of an onion, with

FINALLY, 1 GOT TO CARBON, AND AS YOU
ALL KNOW, IN THE CASE OF CARBON THE
REACTION WORKS OUT BEAUTIFULLY

of hydrogen (protons) is turned into
616 million tonnes of helium every second.
The missing four million tonnes of mass
is converted into energy according to
Einstein’s famous equation E =mc?2
Eventually, the hydrogen in the star’s
core runs out and gravity contracts the core.
The resulting temperature surge allows a
new fusion mechanism to take over — the
triple alpha process — one which uses
helium-4 nuclei (alpha particles) as its main
ingredient. This enables two helium nuclei
to fuse into beryllium and then, with the
addition of a third helium nucleus, into
carbon. In smaller stars, such as the Sun,
the atom construction process ends here.
However, larger stars can go on
increasing the diversity of chemical
elements; once one fusion path runs out, the
core contracts and the temperature spikes to
kick-start another. Next, carbon fuses with
helium to form oxygen, which is bombarded
by another helium nucleus to forge neon,
which itself is fashioned into magnesium
by a similar process. The sheer range of
possible reactions is vast. Eventually, carbon
and oxygen fuse together to form silicon.

58 | THRESHOLD 3

Hans Bethe, German—American physicist, 1906-2005

Hydrogen| 1
Helium |2
Lithium |3

Beryllium |4

Boron|5
Carbon |6
Nitrogen |7

Oxygen |8

Fluorine | 9
Neon |10
Sodium | 11
Magnesium | 12

Aluminium |13 Y
Silicon | 14 // 4
Phosphorus| 15 :
Sulphur| 16
Chlorine | 17
Argon |18
Potassium| 19
Calcium |20
Scandium | 21
Titanium | 22
Vanadium | 23
Chromium | 24
Manganese | 25
Iron |26
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iron at its heart. However, because iron
is the most stable of all the elements, it
cannot be fused into anything else and
fusion ceases. As heavier elements form,
the process gathers pace — it can take
millions of years for a star to exhaust its
hydrogen, but the fusion of silicon nuclei
to form iron takes just a single day.

NEW ELEMENTS IN SUPERNOVAS
Elements heavier than iron can only be
created when a massive star explodes in
a supernova. The next heaviest elements
are formed by the s-neutron-capture

731
S

process — “s” stands for slow, as it typically
takes hundreds of years. This process
actually begins inside stars, but in stars

the interactions are extremely slow — they

only speed up once a supernova gets going.

The earlier transformation of carbon

into oxygen, and neon into magnesium,
created a wealth of additional neutrons.
The gradual combination of these excess
particles with existing nuclet allows
elements as heavy as bismuth to form.
However, this process cannot produce any
elements heavier than bismuth, because
bismuth decays away into polonium before
it can combine with a neutron. A much
faster neutron capture mechanism is

required — the r-process (“r” stands for
f
f

Helium 23.0%
Oxygen 1.0%

Carbon 0.5%

Other 0.5%

(Neon 0.13%,

Iron 0.11%,
Nitrogen 0.10%,
Silicon 0.07%,
Magnesium 0.06%,
Sulphur 0.05%)

Hydrogen 75.0%

rapid). The r-process can only happen in
the extreme conditions of a supernova. The
density of neutrons increases greatly during
the explosion, and new elements can be
formed in a fraction of a second. Some of
these r-process nuclei later decay away,
creating new clements not fashioned
directly by either neutron capture process.

COMPLEX CHEMISTRY

This profusion of material is dispersed

into the wider Universe by the force of the
supernova. It then mixes with interstellar
material and debris from other dead stars to

<4 New elements in dying stars

As one source of fusion material runs

out, gravity contracts the star’s core and

triggers further fusion. This successively

builds up concentric shells of new elements.

The elements become increasingly heavy, as

measured by their atomic numbers (the

number of protons in the nucleus),

which range from 1 to 26.

Silicon 27.0% Aluminium 8.1%

form giant molecular clouds that will
eventually collapse to form new stars.
Individual atoms can combine with others
in the clouds to form complex molecules,
some of which are crucial for life.
Astronomers and astrochemists have already
found evidence of these molecules. The
simplest amino acid — glycine — has been
detected 1n a cloud of gas towards the centre
of our Milky Way galaxy, as well as in the
nearby Orion Nebula. Amino acids are
regarded as life’s building blocks, so it

1s possible that the basic ingredients for life
were fashioned long before the Sun lit up.

A Life’s cosmic origins
The building blocks of life have been
found in the nearest star-forming region
to our Solar System, the Orion Nebula.
Amino acids combine to create proteins
and are a key component of DNA.

Oxygen 46.0%

Other 0.9%
(Titanium 0.66%,
Carbon 0.18%)

Potassium 1.5%
Sodium 2.3%

Magnesium 2.9%

Calcium 5.0%

Iron 6.3%

A The distribution

of the elements

The combination of
elements found on
Earth differs greatly
from the Universe at
large. The lightest
elements, hydrogen and
helium, were expelled
from Earth’s orbit by the
young Sun. Oxygen, the
crust's most abundant
element, was created

as life turned carbon
dioxide into sugar via
photosynthesis.
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¥ Chaco Canyon
These wall markings

in a New Mexico cave
show a large star, a
crescent Moon, and

a handprint. It has been
suggested that the local
Anasazi people drew

it as arecord of the
1054 supernova.
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WHEN GIANT
STARS EXPLODE

Today we know that supernovas pepper the Universe with elements
heavier than iron. But our quest to understand these searing explosions
dates back to a time long before the advent of our astronomical
understanding. We've been documenting them for almost 2,000 years.

The carliest recorded evidence of an
observed supernova dates back to Chinese
astronomers in 185 cE. They documented
the appearance of a sudden bright light in
the sky that took eight months to fade from
view. A similar event occurred in 393 ck,
and up to 20 other potential events appear

JUST BEFORE A
SUPERGIANT STAR EXPLODES
AS A SUPERNOVA | T5
TEMPERATURE REACHES ABOUT
100 BILLION°C

in Chinese records, although modern
astronomers haven’t been able to confirm
they were all supernovas.

One definitive explosion — perhaps the
most famous of the pre-telescope age — was
seen to detonate in 1054. It was observed
in Japan and the Middle East, as well as
in China. Luminous enough to be seen

during daylight hours for nearly a month,

it was a guest in the night sky for almost
two years. The remnant of this colossal
explosion is the spectacular Crab Nebula
in the constellation Taurus.

ENTER THE TELESCOPE
The 1054 event was followed nearly
six centuries later by the supernovas
of 1572 and 1604, the last in the pre-
telescope age. The latter, known as
Tycho’s supernova, was the last observed
to explode in our Milky Way galaxy.
However, in more recent times, light
reached us in 1987 from an explosion
in one of our galaxy’s satellites — the
Large Magellanic Cloud. By then,
astronomers were able to observe it
with telescopes within days of detonation.
The Voyager probe, then on its way
to the furthest planets, was also pointed
towards the explosion for a closer look.
Designated SN 1987A, it surprised
astronomers because the best theories
of the day said the star that exploded
shouldn’t have done so. Consequently,
it has become a valuable source of
evidence against which astronomers
can test their theories. Some of their
ideas were backed up by SN 1987A,
particularly that the radioactive decay
of cobalt atoms keeps the supernova
remnant bright long after the initial
explosion. But some mysteries remain.
For example, astronomers have yet to
find the neutron star that should have
formed at the heart of the dying star.
The 1054 supernova and SN 1987A
were both Type II supernovas, formed
by the core collapse of massive stars.
In recent years, astronomers have also
been able to pick out some relatively close
Type la supernovas, which are formed
by stars of lower mass. These include
SN 2011fe in the Pinwheel Galaxy and
SN 2014] in the nearby Cigar Galaxy.

60| THRESHOLD 3

5 minutes after
core collapse

166 minutes
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120 minutes

Simulating a supernova

This computer model of SN 1987A
was made at the Max Planck Institute
for Astrophysics in Germany. Density
increases from black through red,
orange, and white. A shockwave is
expanding through the star’s outer
layers of hydrogen. Metals (white) from
the core are being expelled rapidly, with
turbulence occurring as they collide
with gases in the star’s interior.
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arc as "the period system’, this famous as-yet-unseen elements, including germanium in the case of hydrogen
depiction of the primary components of matter
organises the elements in an incredibly useful way.
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Dmitri Mendeleev
Mendeleev is the
name most associated
with the Periodic
Table. He didn’t win
the Nobel Prize, but
he does have an
element named after
him (Mendelevium),
as well as a crater on
the Moon

Period Rows are
known as periods.
Their main function
is to make sure that
elements with
similar chemical
properties appear
in the correct group.
There are currently
seven periods

Tile Each tile
displays a chemical
symbol for the
element (either one
ortwo letters), along
with information
including atomic
number and relative
atomic mass number

MAKING SENSE
OF THE ELEMENTS

The periodic table of the elements is one of the most recognizable icons in
science. By organizing the elements according to their atomic structure, it

provides a standard way to order and classify them. Of the 118 elements
in the table, 92 form inside stars and supernovas.

As the scientific revolution gathered pace,
so did the rate at which new elements were
discovered. Over time, a pattern in their
chemical behaviour was found. The first
attempt to organize the elements into
groups came in the late 18th century, when
French chemist Antoine Lavoisier sorted
them into four categories: gases, non-
metals, metals, and earths. In 1829, the
German Johann Débereiner noted that
trios of elements had similar chemical
properties. Crucially, he realized that the
attributes of one could be predicted from
those of the other two. By the 1860s, the
British chemist John Newlands had devised
his Law of Octaves, which said that every
cighth element exhibited similar chemical
behaviour. However, on occasion he had
to squeeze two elements into the same box,
and he did not leave gaps for as-yet-
undiscovered elements. This problem
explains why the Russian Dmitri
Mendeleev is often regarded as the father
of the periodic table. In 1869, Mendeleev
published a primitive version of the
famous table, leaving gaps based on the
“periodicity” of the known elements.

HOW THE TABLE WORKS

The elements are organized in order of
increasing atomic mass. The horizontal rows
are known as periods — a new period begins
when the behaviour of an element repeats.
For example, a new period starts after neon

i

to ensure that sodium is in the same column
as lithium (both are highly reactive). These
columns, or groups, are the real key to the
table. Mendeleev’s table only had seven
groups, but the power of his system was
confirmed in the 1890s when the noble
gases were discovered and fitted in

perfectly as an eighth group.

WHERE THE ELEMENTS ARE FORGED
The searing heat in the first minutes after
the Big Bang turned some of the cosmos’s
nascent hydrogen into helium via nuclear
fusion (see p.58). After just 20 minutes,
fusion stopped and the basic composition
of the Universe was set down as about

75 per cent hydrogen and 25 per cent
helium. It took millions of years for more
clements to appear. The elements up to
and including iron form by fusion in stars,
whereas many beyond iron can only be
made in the cataclysm of a supernova.

A Organizing

the elements

The elements can be
grouped according
to how they formed.
Most of the elements
up to uranium formed
as a result of nuclear
reactions in stars or
supernovas. Elements
heavier than uranium
are unstable and
rarely encountered.

KEY

¥ Formed in Big Bang
(hydrogen and helium)
Formed in stars
by fusion (lithium
toiron)
Formed in stars by
neutron capture
(cobalt to uranium)

Unstable elements

[T 1S THE FUNCTION OF SCIENCE TO DISCOVER THE
EXISTENCE OF A GENERAL REIGN OF ORDER IN NATURE
AND TO FIND THE CAUSES GOVERNING THIS ORDER

MAKING SENSE OF THE ELEMENTS | 63

Dmitri Mendeleev, Russian chemist, 1834-1907
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As our own star — the Sun — ignites, its gravitational
pull sweeps up the elements into orbit around

it. As they crash together, planets begin to

form. While the lighter elements are blown

to the outer regions, forming gas giants, close to
the Sun the heavier elements remain and form
rocky planets, including Earth: our home is born.



GOLDILOCKS CONDITIONS

When stars were born from the debris of former stars, some chemically
rich material was left in orbit. This debris clumped into balls of matter
stuck together by gravity and chemical bonds. These structures were
planets, and they were far more complex than

anything seen before. We now know that this
first happened long ago in solar systems
far older than our own.

What changed?
After the formation of a star, material was

left orbiting in a disc. The star’s fierce radiation
blasted light, volatile material, particularly hydrogen
and helium, far from the star. These gases would go
on to form distant gas-giant planets. Nearer to the
star, the heavier, chemically rich materials from the

death of previous generations of stars remained

solid or liquid and clumped into rocky planets.

In our own Solar System, one of these
planets was Earth.



PLANETS FORMED
BY COLLIDING

Movement
generates Earth’s
magnetic field

Solid metal inner
core and liquid
metal outer core

Magnetic
field deflects
solarwind and

protects
atmosphere

Semi-solid
rocky mantle

Gaseous
atmosphere

While molten,
planet separates
into layers

ENERGY OF EARTH’S

Liquid water

FORMATION IS SO ocean
GREAT, PLANET
BECOMES AHOT, 0
ne , .
MOLTEN BALL giant impact Moon’s gravity

creates Earth’s
tides, possibly
triggering life

fragments Earth
and creates
its Moon

Conditions
for life

Moon's gravity
stabilizes Earth’s
axis and spin

Earth’s
seasons and
climate remain
relatively
stable

ROCKY

Layers form
the geological

DEBRIS

Hot water and record - a history
minerals reach wrlt,ten in
the surface at Earth’s rocks

mid-ocean ridges,
where new oceanic
crust is made

Heat
retained in
core and drives
currentsin
the mantle
above

Continental
crustis eroded
and new rocks
are deposited
in layers

Rifts create
new oceans

Volcanoes
and mid-ocean
ridges create
new crust

Earth’s
crust splits into
plates, which move
against each other as
they are dragged
by Earth’s moving
mantle

Continental
landmasses
grow

Deep oceanic
trenches created
where plates slip
underneath

others

Continents
drifton
their moving

plates

New range
of habitats for
colonization

by life

Continental
crust — a new, light
type of crust —is
formed

Mountains
built by
colliding

plates
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OUR SUN IGNITES

In an otherwise inconspicuous region of our Milky Way galaxy, a giaht '
cloud of matter began to coalesce. Our Sun had a tempestuous birth, , i
heating up and spinning until it exploded into life. X R - i '

An unassuming mass of gas and dust,
measuring only a few gas molecules per

cubic centimetre, floated aimlessly in space.

Eventually, it started to collapse under the
weight of its own gravity. .

It 1s likely that this collapse was kick-
started by a shockwave from a nearby
supernova. A rare type of aluminium can
be found across the Solar System, which
may be a potential trace of this supernova.

UNSTOPPABLE FORCE

Whatever the cause, what we do know is
that over tens of millions of years the cloud
progressively became more dense. In the
centre, the cloud was at its densest and
hottest — this was the protosun, and it was
composed of about 75 per cent hydrogen
and 25 per cent helium. Extreme
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temperatures and préssures counteracted
its own gravitational force, blasting ice,
rock, and gas away from the centre. These '
-materials-flattened in a spinning disc that,
began to orbit the protosun. ‘
Entering a new phase of intense activity,
the protosun began to eject jets of radiation
« from its poles. Fierce winds blasted lighter
elements such as hydrogen and helium to
the edge of the protosun’s orbit. Seon, the
protosun’s temperature, pressure, and size
rose even higher, until it had absorbed
99.9 per cent of material from the

original solar nebula. :
Despite these events occuring almost

5 billion years ago, we can gather clues

as to how our Sun was born bécause we - -

can watch new stars being created

elsewhere in the galaxy. = *

THE SUN, WITH ALL OF THOSE PLANETSREVOLVING ~ ~ .~ =+ . = = 8
AROUND IT.. CAN STILL RIPEN A BUNCH OF GRAPES LT T
ASIFITHAD NOTHINGELSE INTHE UNIVERSETODO. - o0 =

Galil_éo Galilei, astronomer, 15641642 -

Rocky débrisorbits
near to the Sun .

. Temperature® , + .
and pressure
. inSunrise *

Grains of icy dust remain in
cold parts of outer disc

Spinning cloud of dust,
hydrogen, and helium

Dense central protosun

Sunstarts
formed by gravity

to shine

G‘ag, and icy particles
orbit further out

Solar nebula
flattens into a disc

Liquid and gas freeze here, far
away from the protosun’s heat

Rocky dust close
to protosun

The protosun’s temper'ature and internal pressure
rise, and it becomes an early Sun. Lumps.of rock
and ice orbiting the Sun start to collide.

An interstellar cloud of gas and dust begins to
collapse under gravity, spinning and heating up as it
does so. In the hot, dense centre, a protosun forms.

Extreme temperatures inside the protosun generate
energy that counteracts its own gravity. lce and gas near
the protosun burn away, leaving rocky dust particles.
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Bursting into life

Intense jets of radiation erupt from the
protosun’s poles as it swallows up dust
and gas. Fierce winds collide with the
surrounding rock and ice that will later
form planets.
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Rocky worlds are born

As planetesimals within the frost line orbited
the young Sun, incoming materials approached
with ever greater speed. The constant impacts
accelerated their growth, pulling even more
material towards them.
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THEPLANETS

FORM

The planets in our Solar System started their lives as gas and tiny grains
of dust. Formed into a whirling disc by the young Sun’s gravitational pull,
millions of years of violent collisions would eventually mould the gas and
dust into impressive planets, one of which would become our home.

Before the modern planets came the
planetesimals — the building blocks from
which planets are made. The gathering
together of smaller chunks to form larger
ones 1s a process known as accretion.

ASSEMBLING A PLANET

The irregular orbits of the mostly solid
materials around the young Sun led to
frequent impacts, causing accretion.
Initially, centimetre-sized grains grew

to metre-sized lumps. It took tens to
hundreds of millions of years for their
collective gravity to accumulate materials
that resulted in planctesimals that
stretched kilometres across.

The largest planetesimals had enough
gravitational power to attract additional
material relentlessly. The planetesimals
formed by this process of runaway
accretion created the embryos of planets.

Gravity draws Rock and dust
rock and dust into

rings around Sun planetesimals

Sun

Frost line

Sun blasts vapour and other
gases beyond the frost line

Materials and debris left over from the Sun’s formation
orbited the young Sun in rings. The inner rings were
composed of metals and rock; outer rings beyond

the frost line held rock, frozen water, and gases.

3.8BYA | EARTH'S CONTINENTS
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DIFFERENT TYPES OF WORLD

The distance at which these planctary

seeds formed from the Sun determined
whether the eventual planet was made

primarily of rock or gas.

In the hot ring of the inner Solar
System, only materials with very high
melting points, such as iron, nickel, and
silicon, could survive to be incorporated
into the rocky planets, Mercury, Venus,

In the outer Solar System, beyond what
astronomers refer to as the frost line,
materials such as water and methane froze
in the frigid temperatures. With more solid
material available, the gravitational pulls
of these larger planetesimals were stronger.
Consequently, lighter elements such as
hydrogen and helium were more casily
captured, resulting in the vast gascous
atmospheres typical of Jupiter, Saturn,

together to form

Sun’s radiation boils away most
water and other volatile substances

our home planet Earth, and Mars.

Uranus, and Neptune.

THE FORMATION OF THE PLANETS IS LIKE A GIGANTIC
SNOWBALL FIGHT... APLANET-BALL THAT HAS GATHERED
ALL THE SNOWFLAKES IN THE SURROUNDING AREA.

clump Little debris Fully formed
remains in inner rocky inner
Solar System planet

Icy material and gas remains in}
outer Solar System

Distant planet continues to
pullinice and gas, becoming
abloated gaseous world

Large planetesimals attracted smaller particles.
Their gravitational fields grew stronger as they
continued to grow larger. Most of the orbiting
material was eventually swept up.

THEPLANETSFORM | T1

Claude Allégre, scientist and politician, 1937—

Sun Uranus

Mercury Earth

Mars __..

Kuiper Belt Jupiter

Saturn Neptune Asteroid Belt

Stabilization of the Solar System took hundreds of
millions of years (see pp.74-75). The gravitational
interactions of the infant planets settled, eventually
forming the stable orbits we see today.

o



HARD EVIDENCE

TE lEAC
METEORITE

Meteorites — pieces of material that have flown through space and
landed on Earth — deliver small time capsules of ancient data. They
have drifted since the birth of the Solar System, so the information
they contain is often older than Earth.

Metal matrix is made
of iron and nickel

Artefacts that were around after the Solar as a pallasite meteorite due to its matrix
System formed are still orbiting our Sun of metal encapsulating its crystals. Like all
today, as comets and asteroids. They are pallasites, it originated from the boundary
relics of the early Solar System that have between the metallic core and the rocky
remained relatively unchanged due to the mantle of a planetesimal, which broke apart
absence of geological activity. When they during the formation of our Solar System,

land on Earth as meteorites, studying them  possibly due to the early Sun’s gravitational

allows us to journey into the past and test pull. Some small pieces of the mantle fell
out our theories of how our Solar System, into the molten core during this process. It
and our planet, came to be. Tens of then took at least a million years for these
thousands of meteorites weighing more chunks to cool into the crystals scattered
than 10g (/4 oz) land on Earth every throughout the metal you can see here.
year, each parachuting down precious Not only can pallasite meteorites help
information on what the Solar System determine the age of the Solar System,
was like billions of years ago. they can also provide clues as to its

This sample 1s a slice of a meteorite carly chemical composition. Pallasites r Ry
named “Imilac”, which was itself a small such as this one are incredibly rare 2\
fragment of almost a tonne of material that  in our Earthly collection — they make %

fell into the Atacama Desert, Chile, as part up just 0.4 per cent of the meteorites
of a single impact event. Imilac is classified scientists have gathered up.

See-through
parts are olivine
crystals

’ How do we know its age?

Calculating the age of these cosmic fragments

allows geologists to date the birth of the Solar System.
This meteorite was once part of an asteroid’s or
planetesimal’s hot interior. When the asteroid cooled
sufficiently for its molten rock and metal to freeze, it
also sealed in isotopes — unstable, radioactive atoms.
Scientists can use a process called radiometric dating
(see pp.88—89) to put a date on this event. By measuring
the present-day densities of the isotopes, geologists can
calculate how much radioactive decay has occurred and
estimate that the asteroid solidified 4.5 BYA — soon after

A Orbiting evidence

These ice mountains on Comet 67p, studied by
probesin 2014-15, are as old as our Solar System. !
The presence of ice in the comet’s interior the birth of the Sun.
demonstrates that water or ice was present

during the Solar System’s formation.
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’ What happened on impact? -

- During this meteorite’s descent to Earth, it splitinto
TN fragments as it entered our planet’s atmosphere.
3 Friction heated the surface of this fragment, and a
thin crust melted. Outer crystals melted out of
the matrix, but crystals in the interior remained cool
and intact, because it only took a few seconds to
pass through Earth’s atmosphere.

' Earth’s building block? B |

By comparing the composition of these
meteorites to the composition of Earth,
geologists can identify the type of
planetesimals that came together to form our
planet. Like Earth, this meteorite contains iron
and nickel — both of which are thought to
constitute Earth’s core. Asteroids, dwarf
planets, and this pallasite meteorite have
remained unchanged since the early Solar
System and therefore can be key pieces

of evidence in determining its history.

Planetesimal forming from smaller bodies

Crystals from the rocky mar_

The crystals are made of olivine and
peridot — materials found in tetrataenite,
amineral that can record magnetic fields.
Microscopic analysis of these particles
demonstrates that when the meteorite
was part of an asteroid, the asteroid had
a magnetic field — until its core solidified.

A thin slice of meteorite under a microscope

THE IMILAC METEORITE ‘ 73



4.56BYA | SUN 4.54BYA | EARTH 4.53BYA | MOON 4.4BYA | FIRST
IGNITES FORMS FORMS OCEANS

'—J-"-HHuH-’ih-h---J--i'-ii-li-i---‘-hu‘--h-h-'-‘-h-‘-h‘uuﬂd'---‘-------ii--'--‘-'--i'---k--‘----'---

KEY
Sun’s gravitational field in g (where
Solar wind 1 g = Earth’s gravity at sea level)
The outer layer of the Sun’s
atmosphere, the chromosphere, [0 Sunlight intensity in Watts per
emits a stream of highly charged and sq m (Watts per sq ft)
extremely hot (1 million °C) particles / -
outwards throughout the Solar System. T
Earth’s magnetic field (see pp.80-81)
protects it from this solar wind Comets and their tails
As a comet nears the Sun, heat
vaporizes ice, letting loose dusty
material, forming the dust tail that
bends as it orbits the Sun. A second
ion tail that streaks directly behind
O%L- the comet’s path is formed through
‘0,7 interactions between the comet

and the solar wind

o
ooo Asteroid belt
c In this region, the opposing gravitational
pulls of Jupiter and the Sun cancel each
?o other out, and pull the asteroids in
2 opposite directions. This means they
» cannot clump together under their
own gravity and form new planets
o o
(=) (=]
=] =]
o o
=) =)
» o
o
Venus
Although Venus is the hottest planet, it
does not receive the most intense sunlight:
Mercury is bathed in much greater solar
radiation. Venus is hotter because it traps JUPITER
heat from the Sun in its dense atmosphere,
which is rich in carbon dioxide
MERCURY EARTH MARS
2 9
VENUS
Mars
Rover data suggest Mars was once
much warmer and wetter, with a
thicker atmosphere. Mars is
smaller than Earth; so its inner heat
and activity may have cooled more
rapidly, causing its protective
magnetic field to switch off. Solar Jupiter
wind would have stripped most When our Sun ignited (see
of the atmosphere away pp.68-69), light gases were &
w blasted into the furthest parts =
= of the inner Solar System. N
A As Jupiter grew larger, its by
N gravitational pull captured a
huge amount of gas to form
a giant atmosphere 5,000km
(3,100 miles) high
[7S
S
(o
o N ASTEROID
N BELT
=
A ~
N
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THESUN
TAKES CONTROL

Between 4.1 and 3.8 ByA, planets shifted their orbits in a cascade of
gravitational disruption. The process left eight major planets in orbits
that remain stable to this day. However, the Sun controls much more
in its neighbouring space than just these planets.

L) ) )

<« Inner Solar System
The realm of the eight planets is
referred to as the inner Solar
System. However, that is by no
means the end of the Sun’s family
of orbiting objects. There are
many objects beyond Neptune,

including dwarf planets and
comets. Light and gravity
spread out from the Sun in

all directions — each rapidly
losing intensity with distance

Scientists have long grappled with the
problem of how the modern Solar System
came to be. When modelling the evolution
of the Sun’s environment, it was hard to
explain its present form if the planets had
always been where they are now.

NICE MODEL

The present arrangement of the Solar
System fits with the explanation that the
four gas giants started out much closer

Heavy Bombardment. This occurred when
a sudden shift in the movements of the gas
giants and their gravitational fields caused
a catastrophic torrent of asteroids to fall on
the inner Solar System, including Earth.
Lunar rock samples returned to Earth by
the Apollo astronauts point to a clustering
of meteor impacts around 3.9 BYA.
According to the Nice Model, the

giant planet migration was to blame.

= together: Jupiter moved inwards while A MISSING PLANET
g the other three backed away from the Sun. Simulations of the Solar System’s infancy
[=} o . .
S 2 It is even possible that Uranus and Neptune  also suggest that our Sun once had more
§ may have swapped order. The outward planets. By adding a fifth gas planet to
g migration of Neptune would have scattered  the model, researchers found they could
2 .
many of the Solar System’s smaller objects get a much better match for the modern
URANUS NEPTUNE . . . T
into a region known as the Kuiper Belt. arrangement of planets. We do not have five
This simulation is known as the Nice gas planets today, however, so the fifth must
Model, after the city in France where it was ~ have been ¢jected from the Solar System.
devised. If the migration of the gas giants Given that astronomers have recently found
took place about 600 million years after the ~ rogue planets — which wander through
o formation of the Solar System, then it might  empty space with no host star — the idea
§ also account for the event known as the Late  is not as bizarre as it may at first appear.
& I Uranus -
-; The intensity of light Asteroid belt
w fadesoverdistance:
Y attwice the distance,

sunlight is four times
weaker. Uranus’s orbit is
20 times further from the
Sun than Earth’s, so the
intensity of sunlight is just
1/400th of that on Earth

/' Jupiter

A Central Solar System

The Sun’s gravity holds four rocky
planets — Mercury, Venus, Earth, and
Mars — and an asteroid belt. Beyond
that, the gas giants Jupiter, Saturn,
Uranus, and Neptune also orbit the Sun.

THE SUN TAKES CONTROL | 75

A The Kuiper Belt

The band of icy objects — including
Pluto — that sits 30—50 times further
from the Sun than Earth is known as
the Kuiper Belt. Objects including Eris
and Sedna orbit even further out.

AN
Sedna

Oort Cloud
Kuiper Belt

A Outer Solar System
The Oort Cloud is a large, spherical
region sparsely populated by comets.
The Sun’s gravity controls their orbits
up to one light year away, which is the
extent of our Solar System.
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HOW WE FIND

SOLARSYSTEMS

For centuries astronomers have recognized the stars as distant versions
of our own Sun. The stars are so far away that it took until the late
20th century to tease out the presence of planets orbiting them

and to discover new solar systems.

Stars are often millions of times bigger than
planets, and their considerable brightness
casily overwhelms any light their suites

of planets happen to reflect. The stars
themselves appear only as tiny flecks of light
from Earth due to their vast distances — the
closest one is over 40 trillion km (25 trillion
miles) away. It is only in the last few decades
that scientists have developed the technology
to spot the alien worlds orbiting them.

BLOCKING THE LIGHT

While too small and dark to be observed

directly, a planet blocks some of its host star’s

light when passing, or “transiting”, in front

of it. Astronomers can glean a wealth of

information from this simple event. The

planet’s size, for example, is betrayed by

the amount of light that is blocked out.

A transiting Earth would cause a 0.01

per cent change in the brightness of the Sun.
The time between successive transits

reveals the duration of the planet’s orbit,

which in turn discloses its orbital distance:

Planet blocks some
of its star’s light
reaching Earth

as it orbits

Brightness

Star brightness
. falls as planet

- "% passes in front
e b v By
Time

A Finding distant planets

Star brightness (red dots) is sampled
many times. The line shows the average
as it dips due to the passing planet.

Planet’s orbit

Blue light emitted
as star moves
towards us

Communication hub transmits
data to Earth for eight hours a
day and at speeds of five
megabits per second

shorter orbits mean closer planets. Two dual-speed focuser
telescopes with billion-pixel
cameras housed in spacecraft’s

cylindrical body

Consequently, astronomers use this distance
to estimate the planet’s temperature and
whether it might be habitable.

GRAVITATIONAL WOBBLE

The other main way of finding other solar
systems 1s to exploit the two-way nature

of gravity. While stars famously pull on
planets, planets also pull back on their suns.
This slight tugging causes the star to wobble
slightly on the spot. These small changes in
the star’s motion have an effect on the way
we sce the light it emits. If wobbling towards
us, the star’s light is shifted towards the blue
end of the colour spectrum. Conversely,
if it is moving away from us, the shift is
towards the red end (see pp.28-29). As
more massive planets pull on their
stars with a greater gravitational
force, these colour shifts are
more pronounced for heavier
planets, allowing astronomers
to estimate the planet’s mass.

Star’s orbit

Planet’s gravity
causes alien star’s
orbit to wobble

Red light emitted as
star moves away

Temperature-resistant materials
cope with conditions between

Earth -170°C and 70°C (-270°F-160°F)

A Tracking distant stars

As the star wobbles, colour shifts
inits light tell us its speed of travel
towards or away from us.
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Satellite telescope
is 3m (9%ft) tall

< Gaia satellite
Launched by the European Space
_ Silicon carbide Agency (ESA), this spacecraft is able
J \ structure provides to precisely pinpoint the location
\ J A strength and stability of planets by measuring their star’s
\ brightness and the colour of its light.

Sun-shield measures
10m (33ft) wide

V¥ Habitable zones

Most solar systems have a habitable zone, where
liquid water and life could exist. Earth orbits in our
Solar System’s habitable zone, and other planets
in alien solar systems, for example Kepler-452b,
orbit in habitable zones of their own. The planet
has spent 6 billion years orbiting within its star’s
habitable zone — longer than Earth has in its own.

Venus Earth

Mercury Mars

Sensor within cylinder
can detect stars "
400,000 times dimmer it
than human eyes can see

Solar system

Kepler-452 system Habitable zone
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EARTH COOLS

Early Earth was very different from the warm, blue planet we know
today. Its tumultuous first years were dominated by almost constant
collisions from elsewhere in the Solar System. Initially a giant molten
ball of magma, it gradually became a world fit for life.

Around 4,560 million years ago, rock
and ice orbiting the early Sun collided
into a small, rocky planet under the force
of gravity. Earth would have looked very
different, with no atmosphere and no
oceans. The collisions were far from
over — our infant planet was still being
battered by many objects, some the size
of planets. One collision, with an impactor
about the size of Mars, is thought to have
formed our Moon 100 million years later

(see pp.82-83).

BOMBARDMENT OF EARTH

The energy of these collisions, along with
that emitted by the radioactive decay of
heavier elements, kept early Earth incredibly
hot. Much of its material remained molten.
This allowed heavier materials, such as iron
and nickel, to sink deep towards the planet’s
core. Less dense, rocky materials, such as
molten magnesium and silicon oxides,

Larger clumps of
rock and ice formed

floated to the surface. Geologists call
this process “differentiation” and it would

stabilize Earth’s structure (see pp.80-81).

Localized
heating and
melting of rock

HELLISH PLANET
Earth’s earliest period was once believed
to be so hellish that it is named the
Hadean Era — after Hades, the god of
the underworld. It was thought that much
of Earth’s surface remained molten for
hundreds of millions of years, but recent
findings are overturning this notion and
suggest our planet began to cool more
rapidly. It may have had oceans less
than 200 million years after it formed,
as vapour released by volcanic activity
condensed into water.

Spherical shape due
to larger mass and
gravitational field

Craters from
impacts

The gravitational potency of early Earth

A tiny Earth began to form, bearing . ; Y
increased and it attracted impactors, such as

the scars of continual impacts. Its

> bumpy surface was a result of recent asteroids, thafwere hurtlingaround the Solar @
lce @ additional material. Gravity moulded System. Each |mpac’tor that joined Earth
% ®e it into a roughly spherical shape. added to‘th‘e planet’s mass and grayltatlonal
: l" force. This increased the acceleration and
‘gw { energy of the next impactor.
b . Gravity pulled rock q
«© and ice together

Accretion over many millions of years pulled
increasingly large clumps of rock and ice (planetesimals)
together. They formed a planetary embryo, which then
attracted more material. Lumps of ice that remained
intact despite the Sun’s heat would later become the
initial source of water on Earth.

THE HADEAN ERA, IN WHICH
EARTH FORMED, AND IN
WHICH ITS LAYERS STARTED TO
STABILIZE, OCCURRED 4.6-4 BYA
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Crust began
to form

Light liquid rock rose Heavy elements like
to the surface iron sank to the centre

Earth’s surface became
a molten mass due to
the frequency and

Force of ) power of impacts
impacts grew Each impact
as gravitational now contained

forceincreased immense energy

Early mantle Central
had formed metallic core

Primordial

Layers such as the crust,
planet

mantle, and core start to
form (see pp.80-81) as
differentiation continued.

Differentiation — or movement The surface cooled and

of Earth’s materials — began. solidified into a crust as the
Heavier elements sank to the number of impacts from
bottom of the magma ocean space fell. Iron and nickel
and lighter material bobbed up at the Earth’s centre formed
to the surface. the planet’s metallic core.

Molten surfaces caused by
relentless asteroid strikes
created a vast ocean of magma.
As it was then primarily made
of liquid, Earth’s materials had
the potential to move.

6o

EVEN UNDER THE MOST EXTREME CONDITIONS...
EARTH WOULD NOT HAVE BEEN COMPLETELY
STERILIZED BY THE BOMBARDMENT.

99

Rock pulled Oleg Abramoy, scientist and astronomer, 1978—
towards planet
by its gravity

e
@

< Hadean Earth
During the Hadean era,
molten lava dominated
the surface, and Earth’s
atmosphere was devoid
of oxygen. The Moon,
far nearer thanitis
today, caused huge
tides, as a deluge of
impactors rained

from above.
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EARTH SETTLES
INTO LAYERS

The Earth is formed of distinct layers, and each is made of different
materials. The processes responsible for this structure began billions
of years ago and continue to shape and influence our planet today.

For hundreds of millions of years after the
planet formed, Earth was a molten mass. It
was still contracting under its own gravity
and material left over from the Solar
System’s formation was still bombarding

it. Both processes generated heat. Earth’s
crust solidified, but the planet continued to
differentiate, settling into its present layers.

FROM CORE TO ATMOSPHERE

Material in the centre hardened to form a
solid inner core, surrounded by a largely
liquid outer core. The fluid in the outer core
flowed easily, and turbulence within it is

TEMPERATURES IN EARTH’S
CORE ARE ESTIMATED TO BE
HIGHER THAN 6,700°C (12,000°F)

thought to contribute to Earth’s magnetic
field to this day. Above the outer core sits the
thickest of the layers — the mantle. The next
layer, formed by molten rock erupting from
the mantle, is the crust, which accounts for
only 0.5 per cent of the planet’s thickness.
Differentiation continued as water
vapour released by early volcanic activity
condensed into water and became the first

Epicentre of
earthquake

Crust

» Seismic waves
Vibrations from
earthquakes are either
primary (P) waves or
secondary (S) waves.
The speed at which they
travel through the planet
during seismic events
can help to determine
Earth’s structure.

Inner core
Outer core
Mantle

S-waves cannot travel
through liquid outer core

oceans. The Late Heavy Bombardment
about 4.1-3.9 BYA (see pp.74—75) saw a
significant, secondary spike in the number
of impacts thumping into Earth. These
asteroids and comets are thought to have
added much of the water that contributed
to the primordial oceans.

The lightest materials — gases — escaped
from the mantle via volcanoes and became
part of our planet’s carbon dioxide-rich
atmosphere. Hydrogen and helium were
blasted away by the solar wind, but Earth’s
gravity was strong enough to hold onto
carbon dioxide, nitrogen, water vapour,
and argon. Gaseous oxygen was absent
from the atmosphere — all of Earth’s oxygen
was bound into its rocks and water.

EXPLORING INSIDE EARTH
Our planet’s depths are so hot and under
such extreme pressure that we have never
even penetrated the crust. Instead, scientists
have used other methods to deduce what
is inside Earth. They knew that there
must be significantly heavier material
at the centre, because the average
density of Earth is greater than

the density at its surface. Studies

of the way earthquakes travel and
how our magnetic field emerges
provide additional clues about

the inner structure of Earth.

Solid core H_f;,
made of iron ol
and nickel sank
to the centre
soon after
Earth formed

Paths of P-waves refract and wobble
as they travel through each layer

Shadow zone where no waves

can travel due to a change in the
direction of travel at the boundary
between mantle and core
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INNER CORE

The flow of liquid iron
and nickel in the outer core
creates Earth’s magnetic field

4.4BYA | FIRST

OCEANS
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V Earth’s layers

Layers began to form 4.4-3.8 sya. Our
planet is divided here into six layers:
the solid inner core, liquid outer core,
semi-solid mantle, solid crust, liquid
ocean, and gaseous atmosphere.

OUTER CORE

MANTLE
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Heavier, thinner oceanic crust
sits lower on the mantle and
forms the deep ocean basins

Lighter, thicker continental
crust floats higher on the
hot mantle and forms

dry land, flooded at the
edges by shallow seas

ATMOSPHERE

Gaseous layer around
120km (75 miles) thick
contains oxygen, nitrogen,
argon, and a small amount
of carbon dioxide

Layer of water with an average
depth of 3.7km (12,100ft) covers
two-thirds of Earth’s surface

Region of charged particles Bow shock
held in place by magnetic
field; it is sometimes visible
as aurorae (Northern Lights)
show shape and

strength of field A Natural shield

Semi-solid rock in the mantle flows A stream of harmful particles from the

very slowly in convection currents, Sun —solar wind — is deflected by Earth’s goﬁ”"t'i’:jd
i i eflecte
mzlEbuii%:gepéa;%?fgsrems n magnetic field. This field is created by by Earth’s

currents in the liquid-iron core. magnetic field

Magnetic field lines
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V Extreme tides
The Bay of Fundy

on Canada’s Atlantic
coast boasts the
widest tidal ranges
on Earth. The water
rises and falls twice
each day by up to
16 m (52ft), regularly
submerging the
Hopewell Rocks.

IGNITES
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THE MOON’S ROLE

Despite being a relatively small planet, Earth is blessed with a particularly
large moon — the fifth largest in the Solar System. The Moon is our only

natural satellite and has had such a significant influence on our planet
that it may even have played a role in kick-starting life on Earth.

If the length of Earth’s existence was
condensed into a single day, the Moon
would have formed when the Earth was
10 minutes old. The Moon is our planet’s
steadfast partner and it is likely that we
would not be here without it.

It is thought that a giant piece of rock
smashed into our infant planet during its
carly days. Rock from the impact, while
in Earth’s orbit, gathered together to form
the Moon. As it formed, it was 10 times
closer to Earth than it is currently.

THE MOON AND LIFE
During Earth’s childhood, the Moon’s close
proximity would have created a considerably

mightier gravitational pull than we feel now.

Tides were extreme, and biologists have
speculated that the intense churning
during these super tides was a key factor
in the mixing of ingredients that led

to life in the first oceans. Over millions
of years, the Moon retreated from Earth
due to the Moon’s gradually increasing
orbital velocity. Today, the Moon is the
main driver of the roughly daily cycle
of high and low tide, and continues to
drift away from Earth at a rate of 3.8cm
(1.51n) per year. As it edges further away,
tidal strength falls.

The tides swirled the oceans, and
this helped to spread heat from polar to
equatorial regions, regulating the young
Earth’s temperature. The Moon’s gravity

4.4BYA | FIRST
OCEANS

also keeps the tilt of Earth’s axis constant,
which means our seasons are steady and
repeat predictably. The Moon stabilized
Earth over time and this has given life

a chance to thrive.

PULLING ON THE PLATES

Geologists have speculated that Earth

is the only planet with plate tectonics

(see pp.92-93) because of the early Moon’s
strong gravitational pull. During Earth’s
hellish Hadean Era, our Moon would have
pulled on the primordial oceans of magma.
Theories suggest that the wrench of the
Moon on the cooling liquid rock helped
separate it into the distinct pieces of

crust our planet possesses today.
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V¥ Pull of the Moon “

The Moon’s gravitational force creates tidal bulges

anbansdetor et Ontnesge st © THE POSSIBILITY DESERVES CONSIDERATION THAT THE
s e action. FORMATION OF THE MOON ... PROVOKED THE ORIGIN
Earth. Counterintuitively, this results in a second

high tide facing away from the Moon. OF LIFE ON EARTH

99

Moon’s gravity has a stretching Richard Lathe, molecular biologist, c.1950—
effect on Earth along an axis .
connecting Earth and Moon Lowtide ~ EARTH
High tide High tide
Orbit of Moon
e e e = =

Moon’s
gravitational force

Stretching effect of Moon’s Moon'’s gravity pulls
gravity acts on both rock and Earth’s oceans
ocean, but because the ocean is towards Moon
liquid, it bulges far more

Earth’s direction of rotation;
tidal bulges shift as it spins
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Primordial crust initially
covered Earth. When
two plates of the moving
crust met head-on, one
was forced underneath.
In the mantle, its lighter
materials were melted
first, and these bubbled
to the surface.

Movements of Earth’s
crust pushed adjacent
islands together and
formed progressively
larger masses of light
rock called cratons.
But two more processes
were at work: heavy
material rose to the
surface where cratons
split, and new heavy,
oceanic crust was also
created where plates
separated in oceans.

The first continents
eventually formed from
colliding cratons and
islands. Because they
were light, they stayed
on the surface, but
became composed of a
growing variety of rock.
Oceanic crust, being
heavier, is continuously
subducted, and never
gets old and complex. It
is replaced by new crust
at spreading ridges.

4.54BYA | EARTH 4.53BYA | MOON 4.4BYA | FIRST
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THE CONTINENTS
ARE BORN

At some time around 4 BYA, Earth’s crust began moving, forcing some Before continents came cratons — the
crust down into the mantle. Magma erupted and cooled into a new, seedlings from which greater swathes of
lighter kind of crust — continental crust. It bobbed up higher than the land would grow. Cratons in turn were made

surrounding rock, creating the first land masses. The process continues ~ [rom strings of islands formed from the first

today, with 30 per cent of our planet’s surface now made of continents. ~ continental crust. The process began in the

Archean era (4-2.5 Bya). Although Earth

. ) | formed wh had cooled since the Hadean era, the planet
t continent t . .
rr:;sgngg rc]olgIeer:j,al)ﬁirlL:jsingoar T(ﬁc;if insland was still much hotter than it is today. Earth’s

of crystalline rock, typically granite layers had settled, however, and oceans had

formed on a solid crust.
Today, Earth’s crust is made of both
SHALLOW OCEAN heavy oceanic crust and continental crust,

which is lighter and thicker. The primordial
PRIMORDIAL CRUST crust was uniform, but when currents in
Earth’s mantle began dragging on its
underside (see pp.92-93), it began moving,
splitting into plates. When these plates
collided, one plate was forced under the

other. This triggered a further stage of

Crust was forced down, Melted crust formed magmarich in

or subducted, into the light elements, such as silicon, oxygen,
hot mantle and melted aluminium, sodium, and potassium
Crust continues to be Island collided Some cratons rifted (split) and Erosion of the craton by oceans,
forced downwards with another island, admitted heavier materials wind, and rain created sediments,
forming a craton from below to fill the gap such as sandstone

Subducting crust continued to Heavy magma, rich in magnesium
be pushed into the hot mantle and iron, could push upwards
and then melted into rifts in the craton

Granite from
original islands was
Oceanic crustis Craton pushed Volcanic rock, Crust melted Sandstone pushed Basalt from speading compressed and
destroyed by into other cratons greenstone, formed at base but stayed inland by colliding  oceanic ridge could be changed intoa
subduction and islands from heavy magma solid on top cratons incorporated into banded rock

continent called gneiss
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differentiation, in which some primordial
crust melted and created lighter material
that bobbed to the surface and solidified,
forming islands. Over millions of years,

the movement of Earth’s crust pushed the
islands together to form cratons — small
proto-continents. Eventually, these cratons
collided and coalesced to create successively
larger land masses — the first continents.

THE FIRST SUPERCONTINENT

By the end of the Archean Era, 2.5 Bya, the
Earth’s surface had 80 per cent of the land
mass it does today, largely gathered together
into a supercontinent called Vaalbara.
Vaalbara was formed by colliding cratons
called Kaapvaal and Pilbara. These survive
today, but Kaapvaal is now in South Africa
and Pilbara is in Australia, and each has

Plates of crust
beneath ocean
moved apart

4BYA | EARTHSETTLES
INTO LAYERS

rocks dated to 3.6-2.7 BYA. In fact we now
know these land masses have split and
rejoined more than once (see pp.158-59),
and that the cratons that formed the first
continents are now scattered across the
modern continents. Even though continents
change, cratons remain as their stable cores.
Continent formation is still occurring.
Oceanic crust continues to subduct under
other oceanic crust, causing magma to push
to the surface and cool into arcs of volcanic
islands — such as those in the Caribbean.

THE OLDEST CONTINENT
WHOSE ROCKS STILL EXIST
TODAY IS CALLED “UR” AFTER
THE ANCIENT SUMERIAN CITY

New heavy oceanic crust was created
at a spreading ridge, where the old
crust was diverging; the new rock
formed was heavy, volcanic basalt

3.8BYA \

Further island chains and cratons
were built as the creation of
continental crust continued

New oceanic crust
continued to be created at
oceanic spreading ridges

OCEANIC CRUST

Heavy magma rose
to fill the gap left by
diverging crust

66

THE CORES OF CONTINENTS.. MAKE UP THE
STABLE LITHOSPHERE. THEIR FORMATION ..
OCCURED BILLIONS OF YEARS AGO.
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Nicholas Wigginton, Science editor, c.1970—

EARTH'S CONTINENTS
START TO FORM

(O ep——

<4 Nishinoshima

In 2013, a new island
was discovered off
the coast of Japan. It
appeared when lava
broke through Earth’s
crustin a burst of
volcanic activity and
then cooled, following
the same process that
created continents 4 BYA.
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¥V Clues in the rocks

A sketch from 1787 of
rock layers at Jedburgh,
Scotland, shows
horizontal layers of rock
that sit on top of vertical
layers, each from
different periods. This
unconformity served

as geologist James
Hutton’s evidence that
Earth was very ancient.

4.54BYA | EARTH
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DATING EARTH

The question of Earth’s age has only been resolved in the last few
decades. As knowledge increased and scientific techniques were honed,
estimates of the age of our planet increased from thousands of years

to billions. We now know that Earth is around 4.54 billion years old.

It was not always clear Earth had an origin
at all. Ancient Greek philosophers including
Aristotle believed that our planet was
cternal — it has always been here and always
will be. Most civilizations had their own
origin stories (see pp.18-19), and before

the onset of modern science, religious texts
were the main sources of ideas about Earth’s
origins. In 1645, Irish Bishop James Usher
famously used the genealogy in the Bible

to calculate the date of Earth’s creation as
23rd October, 4004 BCE.

EARLY SCIENTIFIC IDEAS

Not everyone believed the idea of a young
Earth. Back in the 16th century, French
thinker Bernard Palissy argued that if the
crosion of rocks was caused by the gradual
battering of wind and rain, then Earth must
be much older than a few thousand years.
French natural historian Benoft de Maillet
tried to explain why marine fossils were
found at high elevations by wrongly
concluding that Earth’s sea level must have
been much higher in the past. This was long
before the discovery of plate tectonics (see
pp-90-91). This idea of rates of erosion was
revisited by Scottish geologist James Hutton

in the late 18th century as the tide of
opinion began to turn towards a greater age
for the planet. Hutton argued that Hadrian’s
Wall, despite being built by Romans in
England more than 1,000 years previously,
had barely eroded. Therefore, other rocks
that had been significantly eroded must
have been around much longer. Hutton also
noted that layers of rock had not been laid
down continuously, but in separate episodes
of deposition, leading to “unconforming”
layers that would have taken millions, not
thousands, of years to form. Victorian
geologist Charles Lyell agreed with Hutton,
but emphasized the idea of Earth in a state
of slow, perpetual change. Rates of change
observed in modern times could then be
used to estimate rates of change in the past.

THE DEBATE INTENSIFIES
By the middle of the 19th century, attempts
to determine Earth’s age had picked up
steam, and scientists from many different
disciplines made estimates. In 1862,
physicist William Thompson (later Lord
Kelvin), imagined our infant planet as a ball
of molten rock and calculated how long it
would have taken to cool to its present
temperature, concluding 20—400 million
years. He did not take into account the
- effect of radioactivity, a phenomenon
that had yet to be discovered. Lyell
criticized his ideas for being too
» conservative and inconsistent with
what he had learnt about the
deposition of rock layers. Charles
Darwin joined the debate, stating
. in On the Origin of Species that Earth

must be at least 300 million years
old in order for chalk deposits in

England to have eroded to their
current state. Charles’s son,
astronomer George Darwin,
believed that the Moon was
formed from Earth. If so, he
reasoned it would have taken
at least 56 million years for
the Moon to reach its current
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A Dangerous beliefs

Bernard Palissy (1509-1589) worked as a potter for
most of his life, but he was also a scientist. He put
forward his then-radical belief that fossils were
prehistoric animals, and not from the biblical flood.
The French authorities ultimately imprisoned him.

distance. By the 20th century, the general
consensus for the age of Earth had leapt
from thousands of years to tens, if not
hundreds, of millions of years.

THE AGE OF RADIOACTIVITY

It was the discovery of radioactivity by Henri
Becquerel in 1896 that would enable scientists
to find concrete evidence of Earth’s age. The
decay of radioactive atoms in rocks occurs
over millions of years, and the proportion of
unstable atoms remaining can be measured
to reveal the rock’s age (see pp.88-89). Over
the next 30 years, many scientists used
radiometric dating to analyze rocks from

all over the world — arriving at ages between
92 million years and 3 billion years.

By the 1960s, the number of ways to use
radioactivity to date rock samples started to
rise. The precision of these techniques and
the accuracy of the calculated ages steadily
increased. We know now that Earth has
been around for close to 4.54 billion years,
give or take 50 million years. Such figures
are supported by the age of meteorites that
we think are slightly older than Earth.

FOSSILIZED TREES ON TOP OF A
PREHISTORIC SEA BED 1,800M
(5900FT) HIGH IN THE ANDES

CONVINCED CHARLES DARWIN
THAT EARTH WAS VERY OLD



4.1BYA | FIRSTTRACE OF
POSSIBLE LIFE

¥ History in the rocks

Rock such as this limestone on a Greek coast,
with its apparent long history of deposition,
followed by crumpling, followed by erosion,
was the sort of evidence that, in the 18th and
19th centuries, set the minds of pioneering
geologists thinking about the amount of

time needed for geological change.

4BYA | EARTHSETTLES
INTO LAYERS

3.8BYA | EARTH'S CONTINENTS
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WITHRESPECT TO HUMAN OBSERVATION, THIS WORLD

HAS NEITHER A BEGINNING NOR AN END.

James Hutton, geologist, 1726-1797




HARD EVIDENCE

/IRCON CRYSTAL

Some ancient crystals have survived 4.4 billion years on Earth. Their
persistence provides an excellent opportunity to probe into our planet’s
history, and learn more about the origins of life and the first oceans.

The Jack Hills of Western Australia are
home to the oldest material ever found on
Earth. These tiny zircon crystals are cach
only the size of a dust mite, yet hold within
them the secrets of our planet’s turbulent
infancy. The oldest crystals date from
4.4 ByAa — 100 million years after a giant
impact struck Earth and created the
Moon — which means that Earth’s solid
crust, in which they formed, must be at least
the same age. Zircon is a mineral that
contains the element zirconium. It has a
similar hardness to diamond, its more
illustrious cousin — which means zircon
crystals can survive erosion and other
geological processes, making them an
excellent record keeper of Earth’s history.
Normally zircon crystals are red, but
when scientists bombard them with
clectrons in order to study them, they take
on a blue hue. Analysis of these crystals is
subverting previous ideas of the conditions
on carly Earth. It was long thought that our
planet’s infancy was a hellscape, one much

¥ How radiometric dating works

Uranium atoms are so large and unstable that they
decay — they give off radiation and change into
more stable atoms — and they do this at a known
rate. Measuring the ratio of uranium in rock to

its final decay product (lead) tells us how much
radioactive decay has occurred since the rock
formed, and therefore how much time has passed.

Uranium atom

too fierce to support liquid water and
life, but opinions are beginning to
shift to an Earth that cooled
relatively quickly, because
the crystals needed those
cool conditions to form.

’ Crystal composition

Radiometric dating analysis uses a
device called a mass spectrometer. The

rock sample is broken into atoms, then
the atoms are ionized (given an electric

charge). As the ions pass through the

device, magnets sort them according to
their mass, because the magnets
deflect lighter ions more easily.
This allows the sample’s different

ions to be identified and their

precise proportions to be
measured so the rock’s age
can be determined.

Mass spectrometer

Lead atom produced by One-quarter of the One-eighth
the radioactive decay original uranium of the uranium
of a uranium atom atoms remain atoms remain

- SN

L P

When the rock formed, the sample 704 million years later, the uranium After 1.406 billion years, more uranium Today, a geologist measures the ratio of
contained only uranium as it solidified atoms have decayed, giving off radiation atoms have decayed. The more lead uranium to lead remaining in the rock and
from molten rock and crystallized. and changing into lead atoms. found in the rock, the older the sample. dates this rock to 2.112 billion years old.
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This particular zircon .
crystal is 4.4 billion Evidence of early oceans

years old

By comparing the ratio of oxygen
isotopes found within the Jack Hills
zircon crystals, scientists have
concluded that oceans of liquid water
may have been present on Earth as
early as 4.4 billion years ago. Isotopes
are versions of an atom with differing
atomic weight. The ratio of oxygen-18
to oxygen-16 isotopes found in the
crystals indicates the presence

of liquid water.

#‘q‘

This zircon crystal is incredibly small —
measuring just 0.4mm — and is barely
visible to the naked eye

ZIRCON CRYSTAL | 89

Earth in the Archean Era, 3.5 Bya

’Signs of life -

Earth was previously thought to be
inhospitable until 3.8 billion years ago,
but isotope analysis of graphite flecks
found inside zircon crystals dating back
to4.1 billion years ago suggests that
life was present at this earlier time.
Craphite is made of carbon,
and the ratio of carbon-12 to
carbon-13 isotopes in the
graphite is characteristic
of the ratio produced
by living organisms.

’ Protecting the crystals _

Around 200,000 zircons have been
unearthed in the Jack Hills since the
1980s, and 10 per cent of them are more
than 3.9 billion years old. The geology of
the area is so important that the
Australian government has declared the
region a geoheritage site, to protect it
from future mining activity and preserve
its scientific treasures.

PG e

Jack Hills, Australia
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CONTINENTS

» Bold ideas

German scientist Alfred
Wegener (1880-1930)
hoped to collect

solid evidence for his
continental drift theory
on his fourth expedition
to Greenland, but he
died while collecting
supplies for his camp.

DRIFT

The map of our modern world is a familiar image, but this arrangement
of continents is a relatively recent development in our planet’s history.
Entire continents have split and moved apart over hundreds of millions
of years. This idea wasn’t accepted until the late 20th century.

The fact that Earth’s land masses have
shifted over time makes sense when looking
at a map of the world. Some continents
appear to fit together, like puzzle pieces.
However, the notion that these vast land
masses could move was long considered
outrageous to the scientific community.
Despite their reservations, the idea has been
around for centuries, with the Flemish
cartographer Abraham Ortelius widely
credited as being the first to express such
thoughts at the end of the 16th century.

BRIDGING THE GAP

In the 19th century, Antonio Snider-
Pellegrini created two maps showing the
case with which the meandering coastlines
of the various continents appear to slot into
place to form one giant supercontinent.
Further evidence that the far-flung
continents had once been conjoined came
from the fossil record (see pp.158-59).
Scientists were beginning to discover that
the fossilized remains of similar animals,
and in particular plants, were cropping up

Corner of Africa
appears to fit
snugly with South
America’s coastline

A First clues

Explorers noticed that the east coast of South
America and the west coast of Africa appeared
to fit together. These maps were drawn by
geographer Antonio Snider-Pellegriniin 1858.

in places now separated by vast oceans.
This was explained away by the idea that
continents were once connected via vast
land bridges, which have since been eroded
away or submerged deep beneath the sea.
Another thorny issue perplexing
geologists was the origin of mountain
ranges, such as the Himalayas. The leading
idea in the 19th century was that the peaks
were formed as wrinkles, as Earth cooled
and shrank. If that were true, mountain
chains should be spread evenly across the
planet’s surface — and that is not the case.
Ideas continued to develop at the turn
of the 20th century. George Darwin,
Charles’s son, proposed that the Moon
had once formed part of Earth and its
absence accounted for the vast, landless
Pacific Ocean. His theory suggested that
the continents separated as the Moon broke
away, explaining their present positions.
Another theory was that Earth was

90 | THRESHOLD4

expanding. As the planet got bigger, its land
masses were forced to spread out. Both of
these ideas gradually lost support as the
precise physical mechanisms behind them
could not be found.

ANEW IDEA
In 1912, German scientist Alfred Wegener
argued in favour of continental drift. He not
only showed matching fossil evidence on
disparate continents, but also concluded
that the types of rock and other geological
structures were similar too. He decided that
this idea could not co-exist with the theory
of now-submerged land bridges, so he
suggested that the continents themselves
had moved apart. This offered a potential
solution to the mountain conundrum. If
continents were free to roam, then over time
some could collide. If India had smashed
into mainland Asia, the Himalayas would
be the result of continental crumpling,.
Wegener published his findings the same
year, suggesting that Earth’s land masses
ploughed through the sea over time. His
work met with a lukewarm reception from
the scientific community, in part because
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he could not provide a plausible reason
as to why the continents would drift. He
incorrectly calculated the rate of their

movement and overestimated by a factor
of 100 compared to today’s accepted
value, which did not help his cause.
Wegener’s academic background was
also a hindrance. Given his training as an
astronomer and meteorologist, many in the
geological community suggested he did not
have the expertise required to be taken
seriously. He was not without some support,
however — British geologist Arthur Holmes
backed his ideas, arguing as carly as 1931
that Earth’s mantle contained currents
that helped move parts of the crust.

CLUES FROM THE SEA FLOOR

It was not until the 1950s that evidence
emerged to turn the tide of opinion in
Wegener’s favour. In 1953, analysis of rocks
in India suggested that it was once in the
Southern Hemisphere, bolstering Wegener’s
mountain formation argument. Around the
same time, a huge underwater mountain
range — the Mid-Ocean Ridge — was
discovered. It is Earth’s longest mountain

range and extends through all of its oceans.
The geologists of the day now had to explain
the presence of this ridge, too. It would fall
to former US Navy officer turned geologist
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< Continent scars

In 1977, this map, the result of a lifetime’s work by
oceanographers and cartographers Marie Tharp and
Bruce Heezen, revealed the ocean floor in new detail,
providing conclusive evidence for plate tectonics.

the idea, arguing that the planet’s crust
ruptures at plate boundaries, allowing
magma to well up from the mantle. As this
material solidifies, it forms a ridge, pushing
the existing sea floor apart. So it is not that

IT TOOK OVER 300 YEARS FOR
THE IDEA OF CONTINENTAL
DRIFT FINALLY TO BE
ACCEPTED AS FACT

the continents plough through the ocean
crust as Wegener had suggested, but rather
that the sea floor itself is growing, carrying
away the continents, which are part of
moving tectonic plates (see pp.92-93).
Today, these ideas are brought together
as the theory of plate tectonics. It is
supported by observations of Earth from
space using geodesy, which maps small
changes in Earth’s gravity to locate
concentrations of mass. Studies of the
polarity of Earth’s magnetic field, which is
known to have flipped frequently over time
(north becoming south, and vice versa), also
lends weight. This leaves stripes of magnetic

3.8BYA \

EARTH'S CONTINENTS
START TO FORM

| ONCE ASKED ONE OF MY LECTURERS... ' WAS TOLD,
SNEERINGLY, THAT IF 1 COULD PROVE THERE WAS A
FORCE THAT COULD MOVE CONTINENTS, THEN HE
MICHT THINK ABOUT IT. THE IDEA WAS MOONSHINE.
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Harry Hess to tie all these ideas together.
Having used sonar to map the ocean during
World War II, by the early 1960s, Hess’s
research led him to propose that the
continents did indeed drift apart thanks

to a process called “sea-floor spreading”.

In 1958, Australian geologist Samuel Carey
had suggested that Earth’s surface, its crust,
was constructed from plates. Hess ran with

CONTINENTS DRIFT | 91

David Attenborough, natural history broadcaster, 1926—

rock on the ocean floor (see pp.94-95),
which allows us to date the bands and show
how fast the sea floor is spreading.

Plate tectonics was not widely accepted
until the 1970s, when maps of the ocean
floor, such as that made by Marie Tharp
and Bruce Heezen, left no doubt that the
sea floor was spreading, accounting for
continental drift.
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¥ Volcanic eruption
The Eyjafjallajokull
volcano in Iceland
erupts molten magma,
along with black clouds
of ash that fall on the
ground as added layers
atop Earth’s crust.

HOW EARTH'S
CRUST MOVES

The surface of our planet is sculpted by extremely slow convection
currents in the mantle layer below. Earth’s system of plate tectonics
sets it apart from the other rocky planets in the Solar System, since
its surface is constantly changing and is alive with geological activity.

Earth’s surface layer, the crust, is formed TECTONIC PHENOMENA

of seven major tectonic plates — African, Where plates meet, a range of tectonic
Antarctic, Eurasian, North American, activity may occur, but exactly what
South American, Pacific, and Indo- depends on the crust material and the

Australian — along with several smaller ones.  direction of movement. There are three
These solid plates float on a semi-solid layer ~ main types of plate boundary: transform

called the mantle. Plates move incredibly boundaries, where plates slide or grind past
slowly, typically at about the rate that one another; divergent boundaries, where
fingernails or human hair grow. Since they slide apart, allowing magma to cool
Earth’s layers stabilized 4 Bya, these into new crust; and convergent boundaries,
plates have been constantly moving. where two plates collide head on. Parts

of the crust sink and melt at subduction
zones, but new crust is made elsewhere
by volcanoes and at mid-ocean ridges,
where oceanic crust diverges.

Earthquakes, sudden movements of
Earth’s crust, occur at plate boundaries.
At divergent and transform boundaries,
they tend to be shallow, whereas collisions
at convergent boundaries cause the
deepest earthquakes.

Where two plates collide, they can push
up continental crust to form a mountain
range, such as the Himalayas. Those
particular mountains were created when
the Indian plate slammed into the Eurasian
plate around 50 million years ago.

EARTH’S SURFACE MOVES » Dynamic surface

Convection currents in the mantle are Earth’s crust is constantly changing
as the plates move, buoyed
by currents in the mantle
below. Depending on
solid, it flows slowly, tugging at the base of how the plates interact,
the crust and moving the plates. The crustis — earthquakes can

occur and volcanoes
and mountain

chains can form.

generated by heat in the core that filters into
the mantle. Although the mantle is almost

of two kinds: oceanic crust, which is made of
dense rock rich in magnesium and iron, and
continental crust, made of rock with lighter

clements including aluminium. Where the Solid erust
edge of a plate is made of oceanic crust, its )

greater density makes it subduct, or slip

Semi-solid
underneath, the lighter crust. It then sinks mantle
deep into the hot mantle, causing an Liquid

outer core

upwelling of molten magma that breaks
Solid

inner core

the surface of the crust as a volcano.

Underwater
volcanoes spew
molten lava, which
cools into new
oceanic crust

Convection
current causes
an upwelling of
molten magma

Heat in the core
causes convection
currentsin the
mantle that drive
the movement of
tectonic plates



4.1BYA | FIRST TRACE OF 4BYA | EARTHSETTLES 3.8BYA | EARTH'S CONTINENTS
POSSIBLE LIFE INTO LAYERS START TO FORM

WWﬂﬁﬂﬂiﬂiﬁfﬂﬁﬁHWHWiiﬂﬁﬁFWEWEHEWEWWWWWWWWWWWWWHW_ @EHHHFEFHWHFEHPQPWWWWWWWWWiI‘

Divergent plate boundary causes a
mid-ocean ridge as magma rises to fill

CONTINENTAL DRIFT.. EARTHQUAKES,
b VOLCANICITY.. ARE UNDOUBTEDLY

CONNECTED ON A GRAND SCALE. 9

Alfred Wegener, geologist and meteorologist, 1880-1930

Volcanicislands are a result of magma from the
mantle that has risen and cooled through the
crust —these areas are called hotspots

Seamounts are hotspots where magma
has cooled under water, but has not
reached the ocean’s surface

Convergent plate boundary causes
oceanic crust to be forced underneath
(subducted under) lighter continental
crust, creating a deep oceanic trench

Volcanoes occur at a convergent
boundary because of the upwelling
of magma created by the subducting,
melting crust erupting at the surface

Fold mountains are
wrinkles in the continental
crust, pushed upwards
due to the pressure of
colliding plates

Transform plate
boundary causes a fault,
orcrack, inthe crust
where the plates are
sliding past each other.
Pressure builds on the
plates until they slip
suddenly, causing an
earthquake




HARD EVIDENCE

OCEAN FLOOR

In many ways, the ocean floor is a guide to Earth’s history — studying it towards the east
helps us decipher the mysteries of our planet’s past. Exploring it has even
given scientists clues about how life originated. Mapping the ocean floor
reveals a diverse, active landscape full of tectonic phenomena.

The depths of the ocean are cold, dark, and
incredibly hostile. At its deepest point there
are 1.2 tonnes of water pressing down on
every square centimetre (8.4 tons per square
inch). Such extremes mean oceanographers
resort to imaging the sea bed using sonar
from the surface. It is easier for us to get
images from Mars than map parts of our
own sea bed.

Despite its inaccessibility, the ocean floor
holds clues that are vital in understanding
the development of Earth’s crust, and also
life. Deep ocean exploration is sharpening
our ideas on plate tectonics (see pp.90-91).
The chemically-rich material and heat
generated by underwater volcanoes found
on the ocean floor have led biologists to
believe that these areas are where the first
life-forms appeared (see pp.106—07).

The deepest places of the ocean floor
are where two oceanic plates meet and
form an underwater valley — one plate slips
underneath (subducts beneath) the other,
creating a V-shaped trench. The deepest
ocean trench is the Mariana Trench in
the Pacific Ocean: its deepest point is at
10,994m (36,070ft) below sea level. It could
accommodate Mount Everest with about
2,000m (6,560ft) of water to spare.

The Puerto Rico Trench in the Atlantic
Ocean has depths greater than 8,400m
(27,560ft). The underwater boundary
between the Caribbean and North

» Clues on the ocean floor

Magma from the mantle breaks through
the crust and forces tectonic plates apart
(see pp.92-93). As the magma cools to
form new crust, minerals in the magma
orient themselves in line with Earth’s
magnetic field. For reasons unknown,
Earth’s north-south polarity reverses
from time to time, and over millions

of years these reversals are etched into
the ocean floor as a series of stripes.

Older rock with frozen
magnetic alignment

Caribbean
plateis sliding

American plates, where the Puerto Rico
Trench is found, is a particularly active area
of the ocean floor. Its unique plate boundary
and unusual phenomena provide a rich
resource for scientific research:
oceanographers, biologists, seismologists
(who study earthquakes), and bathymetrists
(who study the underwater terrain of lakes
and oceans) all work here, hoping to unlock
the secrets of the ocean floor.

' How sonar surveys work

Multibeam sonar
records the time taken
for sound to bounce back
from the sea floor in order
to measure ocean depth.
Oceanographers can use
this data to create a
coloured map of the sea
floor, showing its terrain. \
Side-scan sonar is more

accurate in that the
intensity of its echoes can
reveal whether the ocean
floor is rocky (strong) or
sandy (weak). Marie Tharp
and Bruce Heezen mapped

Earth’s ocean floor in the
1950s (see pp.90-91).

Marie Tharp, oceanographer

Magnetic field reversals Cooling material
create stripes forces plates apart

Molten material
from mantle
breaks through
Younger rock with frozen crust

magnetic alignment
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Muertos

The Antilles islands have
been formed due to both
folding and volcanism at
this plate boundary



Theisland of Puerto Seamount emerging from The most negative gravity ¥V Exploring the ocean floor KEY

Rico rises above the ocean surface becomes anomaly on Earth is found A bathymetry map Above sea level
ocean surface one of the southernmost in the Puerto Rico Trench; il | 1 |
islands of the Bahamas this indicates an active RN )7 SERER RREEIS Sealevel -Om oft
downward force the underwater terrain of the 2,000m i 6,562ft
northeastern corner of the 3000m 0843t
Caribbean plate. Differences 4,000m 13.123ft

in relief are represented by
colour, highlighting deep
sea trenches in purple.

5,000m 16,404ft
6,000m 19,685ft
7,000m 22,966ft

’Tectonic activity -

The boundary where the Caribbean and
North American plates meet looks like a
convergent plate boundary due to the
presence of an ocean trench, which
normally indicates subduction, but here,
the plates are mainly sliding against one
another instead — forming a transform
plate boundary. The Caribbean plate is
sliding to the east at a rate of 2cm (0.8in)
per year. Since it grinds against the
North American plate, earthquakes can
occur when the plate jerks and slips.
Seismologists study the seismic waves
produced by the earthquakes.

To the east, the Caribbean plate
is pushing against the North
American plate, resulting in
mountain folds that break
the surface as the
Antilles island arc.

North American
plate is sliding
towards the west

Exploring the deep

Submersibles are invaluable tools for
scientists wanting to explore deep sea
ocean trenches, because they are able to
withstand deep-sea pressure. Robotically-
piloted submersibles, or AUVs, are pre-

Compression of the
Caribbean plate’s crust from
the slightly subducting North
American plate creates folds

OCEAN FLOOR

programmed with instructions on where
to explore and what to measure. Some
submersibles also allow scientists to visit
the ocean floor in order to examine and
collect samples of both rocks and
life-forms for analysis at the surface.

Example of an AUV
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- EMERGES

Earth has a privileged position in the Solar

System — in a band that’s not too cold and not
too hot to support liquid water. It is in this vital
ingredient that life first emerges. And through
a process of natural selection life evolves from

simple bacteria to complex vertebrates, shaping
our planet and filling it with astounding diversity.




GOLDILOCKS CONDITIONS

On Earth, living organisms emerged from non-living complex
chemicals. Life-forms could metabolize, meaning they were
able to extract energy from their surroundings. They could
also copy themselves and adapt to their environment —
through the process of natural selection.
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What changed?

Chemical reactions produced ever
larger and more complex molecules.
Molecules with self-copying abilities

became more common. Reactions occured
that both provided energy and the means
to build more complex molecules. The
chemicals of life became packaged inside
membranes, forming protocells — the
first true living organisms.
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AND
ARCHAEA

CELLULARLIFE, DNA,
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NATURAL SELECTION

Mass
extinction

Reptiles

Males and
females

Firstinvaders
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Living
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Arthropods

Seeds and
pollen

More living
spaces and
lifestyles

Centipedes,
millipedes,
insects, and
spiders

Longerand
more complex
food webs

Living
communities

on land become
more complex

Flying
insects




The earliest known animal embryos
and cnidarians (relatives of jellyfish and

TIMELINES
anemones) are fossilized, 635 MYA.
S | O RY O F L I F E Rifting of supercontinents,
650 MYA, creates lapetus Ocean and

may have triggered Ediacaran and
Cambrian explosions of evolution.

Life is over 4 billion years old, first emerging when Sponges, the irs

Earth was only one-tenth of its present age. But even animals, evolve 750 MYA,
. . . . . DNA evidence suggests.

at the very beginning, life, although microscopic, was

already the most complex thing in the known universe.

The Earth’s violent birth left a planet where life was not only possible,

but perhaps inevitable. As the land cooled and permanent oceans >
formed, the ﬁ.rst prot.ocells emerged — probably deep under \./va‘Fer Plants appear 934 wva, ANIMALS
around chemically-rich fissures in the young ocean floor. Within a accorgiﬁgAto r_ndodem

eviaence.

few million years, these protocells had become microbes — and for
billions of years after that, the world belonged only to them. They
evolved ways of getting energy either from sunlight or by eating

MULTICELLULAR LIFE
The oldest fossil of a multicellular
; . . . organism is 1.2 billion years old
The biggest, most complex of life-forms — multicellular life — and belongs to a seaweed,
evolved only in the last billion years of Earth’s history. These are Bangiomorpha. The fossil is
complete with a possible stalklike
; . ‘hold-fast” and reproductive
of recent times. It was then that life could emerge from the organs. This is also the earliest
microscopic and fill the oceans and land with greenery complex organism (eukaryote)

nd fast-movine creatur that can be attributed to a group
and last-moving creatures. still alive today — the red algae.

other microbes, laying the foundations for the rest of life’s diversity.

the organisms that evolved into the familiar plants and animals

B ORIGIN OF LIFE

A carbon trace in Australian rocks 4.1 billion years
old could be life’s oldest “signature”. DNA
evidence (from living organisms) leads to a slightly
earlier estimate of life's beginnings and predicts
that all organisms alive today can trace their
ancestry back to a hypothetical microbe called
LUCA —our Last Universal Common Ancestor.

Wk

Bacteria 73 (above), ppear,550
and archaea

split from their

common ancestor, IS
LUCA, 4.2 BvA, g8
according to 5 f%(Eo v % -
DNA evidence §0o 9 ,9\0,3"’ &3 .
from organisms PR oo
alive today. v LT 0T SIS . .
N o oc g : Fossil stromatolite

Mitochondria — the energy-
producing factories of complex
cells — evolve, 2 BYA.

The Late Hez oo s o 3
e Late Heavy SR » 35> c
First permanent oceans Bombardment - FEE e 33223 » COMPLEX CELLS
A possibly form, 4.4 Bva, apeak in space impacts § Y23 f
providing the first 4.1-3.9 BYA—possibly a2l Eukaryotes have complex
habitat for life. strips away the E£T 8% cells with a nucleus and
3Tm°5Ph?re and kills NEEE : include plants, animals, fungi,
all early life. \ \ and many microbes. Traces
% of steroid-like substances —
o unique to eukaryotes — have
> .
ARG been found in rocks 2.4
” - .
%, billion years old, but direct
0 5.2 evidence comes from the
© R )
”>wa% fossil Diskagma — a possible
97'05%,; fungus — from 2.2 8YA.
&




66 .
THERE ARE 4 MILLION DIFFERENT KINDS OF
ANIMALS AND PLANTS IN THE WORLD —
4 MILLION DIFFERENT SOLUTIONS TO THE
PROBLEMS OF STAYING ALIVE. 9

David Attenborough, natural history broadcaster, 1926—
Life on Earth

Darwinius

600 MYA

Ediacaran fossil, 3
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first plants with strop
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 “ il fur —=
| Bo"felike tissue s E Of fosrs“ma |
- fossilized 510 mya:

entine in a fish.

Experimental animal body
_ plansfossilized 505 myain
Canada’s Burgess Shale.

~ Fossil cones show that plants
305 myA have evolved structures
that protect their seeds.
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4.1BYA | FRSTTRACE
OF POSSIBLE LIFE

2.4BYA | OXYGEN
FILLSTHE AIR

936 MYA | ESTIMATED ORIGIN OF

ALCAE AND PLANTS

LIFE'S
INGREDIENTS FORM

Earth’s crust is made of dozens of chemical elements, but only some —
including carbon, hydrogen, oxygen, and nitrogen — are the stuff of living
things. Their atoms lock together into complex molecules and it was this
kind of chemical assembly that precipitated the origin of life.

Atmosphere was heavy
with carbon dioxide, so
atmospheric pressure
was higher than today,
allowing water to stay

Earth has an iron core surrounded by mostly
silicon-based rocks. Carbon is comparatively
scarce, but all known life is carbon-based.
Both silicon and carbon atoms bond
prolifically with others, but while silicon’s
affinity is mainly with oxygen (making up
the silicon dioxide that dominates Earth’s
rocks), carbon is versatile. It bonds with
other elements, such as hydrogen,

nitrogen, and phosphorus.

Complex life needs complex molecules.
Earth — with its rocks still cooling in the
wake of its violent birth, and liquid water
condensing into the first oceans — provided
just the right conditions for them to form.

Earth’s first atmosphere was thick with
unbreathable gases, such as carbon dioxide,
hydrogen, nitrogen, and water vapour —
but these were sources of life’s elements. In
a world without oxygen gas to react with it,

» Recipe for life SIMPLE INGREDIENTS
Small molecules of Oxygen

less than half a dozen

atoms were abundant N
on newly-formed
Earth. They reacted
to form bigger organic

molecules with a

“skeleton” of bonded v
carbon atoms —which, SIMPLE ORGANIC MOLECULES

inturn, linked to form = . o a-d

long-chain molecules. ol y

Range of different amino acids
\
v

Nitrogen

Carbon *

Hydrogen .,

Water Ammonia Methane

LARGE ORGANIC MOLECULE
Groups specific to each
kind of amino acid (in
full colour) stick out .

Chain of amino acids — the beginnings of a protein

2. %

Standard amino acid [
repeating units, in faded
colours, form the backbone

liquid way above
its modern-day
boiling point

hydrogen joined to other elements, making
methane (CH,) and ammonia (NH,). In
1953, American chemists Stanley Miller and
Harold Urey simulated early Earth in the lab
with electrical sparks to imitate lightning.
They showed that with enough heat and
energy, the chemicals in Earth’s atmosphere
could make simple organic molecules —

life-giving, carbon-based chemicals.
Clouds of water
droplets would
have filled the
sky, as they
do today

EVEN BIGGER MOLECULES

But life needed more — proteins, which are
long chains of amino acids, and DNA.
Today, pools rich with protein would be
cleared by hungry organisms. But early
Earth was energized by warmth and full of
minerals that acted as catalysts, boosting
specific chemical reactions. Giant molecules
could persist long enough to get trapped in
membranes — precursors of the first cells.

V Life wrapped up

The chemicals that created life
needed compartments, where they
could become concentrated. These
may have been provided by oily
molecules called phospholipids
(presentin all cell membranes
today), which naturally aggregate
into membranes in water. When
they form spheres, they can trap
the life-giving chemicals inside.

PHOSPHOLIPID

Water-loving
phosphate head

Water-hating
tail

Water-loving heads
point outwards,
towards water

Water-hating tails

point inwards Liquid water —in

which the first life
formed — would
have first persisted
as oceans at some
time between

4.4 and 4.2 BYA

Water-loving heads
also point towards the
watery space inside

MEMBRANE FORMING A SPHERE

102 ‘ THRESHOLD 5
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< Hellish origins

Earthin the Hadean eon (4.6—4.0 BvA) was

unrecognizable. Exposed land was unprotected

from the Sun’s burning radiation and would remain

lifeless for another billion years — by which time

erosion had started to make the first soils.

Conditions suitable for life may have existed,

however, in the deep ocean or shallow seas.

Dry land was formed by crater
rims made by asteroid impacts,
not by tectonic movements,

which create mountains today

Lava could

fill craters

as asteroid
impacts triggered
volcanic activity

| Cooling seas,
cut off from the
violence elsewhere,
may have provided
the conditions
needed for
newly-formed
complex organic
molecules to persist

Earth’s crust was mostly too
hot and unstable to nurture
life. The greater internal heat
of the young Earth, and the
frequent impacts from space,
caused volcanic activity on
an unimaginable scale

Volcanoes spewed minerals that may
have acted as catalysts, helping to
drive the formation of bigger organic
molecules at calmer locations

LIFE'SINCREDIENTS FORM | 103




4.1BYA | FRSTTRACE

OF POSSIBLE LIFE

2.4BYA | OXYGEN
FILLS THEAIR

L R

THE GENETIC CODE

A living organism is the most precisely ordered thing in the known
universe. The assembly and upkeep of a living body need direction and
control. The entire operation is guided by self-replicating molecules of
nucleic acid (DNA and its ancestors) that were present at the dawn of life.

Until the discovery of DNA’s precise shape
in 1953, it was a mystery how life-forms
passed on genetic information to the next
generation. Once revealed, the double-
stranded structure of DNA hinted at how
information was inherited whenever one
cell splits into two. In the next years,
experiments confirmed not only that

66

acids, possibly a type called RNA, were
probably capable of boosting their own
replication reactions. Their chains could have
acted as templates guiding the assembly

of new parallel chains. Copying from a
template is also used by DNA in living
organisms today, but it happens only when
the two chains of the double helix separate

DNA IS LIKE A COMPUTER PROGRAM BUT FAR, FAR MORE
ADVANCED THAN ANY SOF TWARE EVER CREATED.

99

Bill Gates, technology pioneer and philanthropist, 1955—

DNA carried units of heredity (called genes),
but also that it exerted its influence in an
astonishingly intricate way.

INFORMATION CARRIERS

DNA is a giant long-chain molecule — just like
V¥ They were
simpler times...
Today, DNA needs
protein to replicate and
RNA to make protein
to carry out all its other
functions. At the origin
of life, there was no
such complexity. The
earliest replicating
molecules, possibly
RNA, had the ability
both to carry data and
multiply unaided.

protein, cellulose, and many other biological
molecules. But whereas cellulose is a
monotonous fibre of identical subunits, those
of DNA — and protein — come in different
kinds. Different subunits follow in an
information-carrying sequence — just as
letters form a word. DNA belongs to a class of
long-chain information-carriers called nucleic
acids. The sugars and other components of
their structure would have been among life’s
primordial ingredients. The first nucleic

RNA chain
foldsinto a
specific shape
with reaction-

Cycle repeats j

boosting
properties
s
(\S Replication
reaction
Reaction- Active site More RNA
boosting part boosts the chains formed,
is called the replication each withan
active site reaction active site

in preparation for cell splitting. Otherwise,
one chain is fixed to another like the sides of
a ladder. The copying results in two double
helices, each with identical information
destined for a new daughter cell. In this way,
genetic information is copied and inherited.

USING THE INFORMATION

DNA cannot carry out any tasks alone. It
instructs other molecules — the proteins — to
do the work of maintaining and developing
a living organism. A single DNA molecule
carries hundreds of sections — genes — each
carrying instructions to make a specific
protein. In a living cell, sections of DNA are
continually being unwound and wound — as
genes are exposed for protein manufacture.

Asecond, identical, DNA chain
binds to the specific pattern of
bases on its partner, forming the
famous double helix structure

936 MYA | ESTIMATED ORICIN OF

ALCAE AND PLANTS

» Reading the code

In aliving cell’s nucleus, DNA’s double helix is
unzipped so that genes can be used to make
RNA, and then protein. Here, a strand of RNA

is being built by matching bases (chemical
components), copying the sequence. This RNA
strand will go on to make a specific protein useful
to the life-form. The sequence of RNA bases is
the code for a specific sequence of chemical
components that makes just the right protein.

The rungs that connect

DNA’s backbones are chemical
components called nucleobases,
or bases for short. Each base is a
unit of digital information

Bases coloured yellow

are adenine. There are three
other types: guanine (green),
cytosine (blue), and thymine
(orange). Each binds only to

one other type of base
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Repeating units of nucleic

acids (DNA or RNA), made of
sugar, phosphate, and a base, are
provided in a steady supply by the
cell. These are RNA subunits

DNA'’s backbone
is a string of sugars
and phosphates

RNA subunits bind to the
specific pattern of bases
on the DNA template

Order of bases
carries the
genetic code

This unzipped portion of
the DNA molecule exposes its

DNA'’s code is being read for sequence of bases. The unzipping

m_aking RNA_. This pgrticylar RNA is controlled by a living cell’s
will turn the instructions into a
particular protein molecule

molecular machinery

RNA contains uracil
base (purple) instead
of DNA's thymine

RNA backbone has

a different sugar to DNA < Discovering DNA

In 1953 in Cambridge
University, scientists
made a breakthrough.
American biologist
James Watson (far
left) and British
biologist Francis Crick
deduced that DNA
(deoxyribonucleic acid)
had a regular double-
helical shape and
properties that would
allow it to pass on
genetic information.

DNA IS AMONG THE LONGEST OF
MOLECULES - CHAINS IN HUMANS
AREUP TO 8.4CM (3.3IN) LONG AND
CONTAIN 249 MILLION BASE PAIRS

THE GENETIC CODE ‘ 105



4.1BYA

LIFE BEGINS

Life arose from non-living matter by processes

of gathering complexity. As self-replicating molecules
mixed with catalysts — substances that drive chemical
reactions — self-assembly snowballed into the first
cells: organisms with familiar characteristics of life.

FIRST TRACE
OF POSSIBLE LIFE

All life consists of cells with the chemicals of life contained inside

a membrane. A living organism is continually dynamic, resisting
collapse into disorder and death. How such a system emerged from
the non-living Earth is a mystery, but scientists apply what they
know about biochemistry and conditions on early Earth to deduce
what might have happened. One popular hypothesis is that life
emerged in ideal conditions in the oceans around 4 ByA.

PAID TO EAT A FREE MEAL

Deep-sea volcanic vents were rich in chemicals and were warm,
but not so hot as to break apart big molecules. Billions of years
ago, they were also a safe haven from bombarding asteroids and
fierce solar rays. Vents today get encrusted with metal sulphides
as the water cools. These minerals boost, or catalyze, reactions —
some of which convert carbon dioxide into acetate. Acetate has
a pivotal position in the metabolism of all life today. What is
more, one sort of acetate-forming reaction can even generate
energy. This combination of food manufacture and payment in
energy — all trapped within the catalytic encrustation — could
have been a “hatchery” for life.

6o
TODAY’S DNA, STRUNG THROUGH
ALL THE CELLS OF THE EARTH, IS ...
AN EXTENSION AND ELABORATION
OF THE FIRST MOLECULE. PR

Lewis Thomas, physician, writer, and educator, 1913-1993

ESCAPING THE CHIMNEYS

“Protocells” formed when oily membranes encapsulated chemicals
that were generated in the chimneys. Sea water helped protocells
disperse from the chimneys, and the catalytic minerals in it helped
maintain their primitive metabolism.

The versatility of the element carbon — which forms the skeleton
of acetate — means that its atoms can assemble into a wide range
of molecules. Some of the molecules generated by mineral-catalysis
may have developed catalytic abilities of their own — and could
even drive their own assembly. It is possible that these molecules
may have been related to RNA — a material found in all cells
today. RNA — or molecules like it — marked the emergence of
biological information, too. Such molecules could control how
cells maintained the emerging qualities of life.

2.4BYA | OXYGEN
FILLS THEAIR

A Hot habitat

As water emerges from a deep-sea
vent, encrusting minerals build up
“chimneys”, some of which appear to
smoke with dark iron sulphide. These
habitats support bizarre life-forms
today — entirely dependent on the
chemical energy in the effluent.

» The origin of life

A chemical reaction boosted by
minerals inside a deep-sea chimney,
and contained inside a membrane,
may have been the basis for the first
life — a “protocell”. More complex
protocells later started to make their
own catalysts, which drove their
reactions. To begin with, these
catalysts may have been RNA. But
eventually, protocells developed
protein catalysts called enzymes.
RNA (and eventually DNA) took
over the job of controlling

the entire assembly.

Carbon dioxide
seeps into protocell

Energy released
when carbon
dioxide forms
organic food

Minerals
catalyze (boost)
the reaction
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ALCAE AND PLANTS

RNA (ancestor of DNA)
controls everything
inside protocell

Carbon dioxide,
dissolved in sea water,

seeps into protocell Reaction boosted

L] by enzyme to
@ @ make organic food

Carbon ® ®
& dioxide

Enzyme made by the
protocell incorporates
the original mineral,
but its complex

shape makes it a
better catalyst

More complex
protocell

Protocells disperse

- into the surrounding
\J o \J sea water
Q Minerals .
@ 9
] ® @
K
® O
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Chimney formed
from encrustations
of minerals spewing
from the vent

Organic food,
such as sugar
or acetate,
produced

Chimney
ofa
deep-sea

vent
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Raw materials
surrounding the protocell H
areincorporated into it A

Protocell, becoming
Larger protocell with large and unwieldy,
more cell membrane breaks into two
and other materials

Daughter
protocells

RNA copies itself

before the cell split
RNA (the genetic etorethe cellsplits

material) stays the

Protocell Protocell same — it carries the
before growth after growth same information Protocell
) splitting
A Growth A Reproduction
As protocells acquired and made more organic molecules, The biggest protocells would have been
these became incorporated into their structure — allowing unstable. Splitting into two provided a
them to grow. Membranes became more expansive, but way of perpetuating themselves. RNA,
kept the same two-molecule-thick structure that is common which had begun habitually copying itself, Each daughter
to all cell membranes to this day. may have ended up in both daughter cells. 5;;':;:!1;0”“'"5
parent’s RNA

< All the attributes of life
Protocells developed the abilities
we recognize today as defining life.
Not only did they grow and multiply,
they also moved (for example by
pumping molecules through their
membranes), and they could sense
their surroundings. They could take
in nutrition, and they had a primitive
metabolism, which built molecules
and also broke molecules down
to release energy — a process
known as respiration. Finally,
they got rid of waste
by excretion.

Organic food
absorbed into
cellthrougha
special channel

The beginning

of sensitivity in
living organisms

is represented by
receptor molecules
on the cell’s surface

Receptor molecule
detects chemical
from cell’s
environment

Waste product (carbon
dioxide) excreted by cell

PROTOCELLS ACQUIRE FULL CHARACTISTICS OF LIFE
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EVOLVES

Even at the dawn of life, the process of evolution was under way. Life was
changing, and at the root of every novelty was mutation — imperfections
in DNA’s copy-making process. The mistakes produced variety, and on

a changeable planet some variations succeeded, while others failed.

All organisms change during their lifetime.
But a grander scale of change, at the level of
populations, happens through generations.
When an organism reproduces, it copies its
entire DNA, which ranges from under a
million to many billions of digital “bits” of
information. The enterprise represents a
monumental turnover of molecular data.
Even with natural system-checks in place,
copying errors, called mutations, happen.

beneficial mutations are selected — they
proliferate and pass on their “good genes” to
at least some of their offspring. Those with
mutations that harm their survival or ability
to reproduce will diminish and may die out.
The changing environment, and a
life-form’s habitat and survival strategy
within it, determine whether its mutations are
helpful or harmful. Deep-sea fish have big
eyes and glowing devices that allow them to

EVOLUTION HAS NO LONG-TERM GOAL. THERE ISNO
LONG-DISTANCE TARGET, NO FINAL PERFECTION TO SERVE
AS A CRITERION FOR SELECTION.

44

» Reaching the limit
A few microbes, that
today stand out as
bright colours at the
edges of hot acidic
pools, are a testament
of the extent to which
genetic variation and
adaptation allows life
to live in extremes.

Mutation produces the raw material of
variation. Some mutations have scarcely any
effect, but others can abort development,
while a few are beneficial.

SELECTION BY THE ENVIRONMENT
While mutation is haphazard, evolution is
far from random. The mutations are subject

to a selection process. Life-forms with

Richard Dawkins, evolutionary biologist, 1941—

hunt in the dark, while desert cacti have
water stores defended with spines. Cactus
spines and luminous lures need genetic
diversity to appear, but it is the environment
that selects them for the right places. Chance
can play a role in spreading mutations,
especially in small populations, but only
natural selection can explain adaptation —
the fitting of an organism to its environment.

108 | THRESHOLDS

936 MYA

ESTIMATED ORIGIN OF
ALCAE AND PLANTS

NEW SPECIES
Although some mutations can produce
sudden, distinct novelties, evolutionary
change is generally slow and gradual.
Selection typically works on sets of genes
that work together to control broad features
such as size or shape. But living diversity is
not continuous — it occurs in discrete units
called species. New species arise when
two populations can no longer interbreed.
They cannot exchange genes, and their
evolutionary paths drift apart. This
divergence might happen across an
emerging barrier — such as a river or
mountain range. But mutations themselves,
such as those involving whole chromosomes,
especially among plants, can prevent
interbreeding and isolate populations.
There are millions of species living today,
but all - including countless more that lived
in the past — are products of evolutionary
change shaped by the environment.
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» Selection by predators

Aliving organism’s environment includes
all the other organisms in it, particularly
predators, which influence its evolution.
Cricketlike leaf-eating insects called
katydids are coloured by gene mutations.
Pink or orange variants show up against
vegetation and are eaten, leaving
camouflaged green ones to
predominate as they breed.

Predator —an
agent of selection

Ancestral
katydid

Mutation happens
during reproduction
Ears are elaborately sculpted by
the need to receive faint echoes
at specific frequencies coming
from prey or obstacles

‘ Orange mutations,

Fur insulates the
tiny body, helping to
maintain its high

Camouflaged

like the pink ones,
are selected by
predator

temperature and
fast metabolism

N Unfavourable
mutations continue
to occur, but are
eaten more often

- /
katydid hidden / /j‘\ ah
from predator % # % \

% m %Camquflagedkatydids

prevail in the population

Face is shaped by evolution into a dish that helps
to broadcast a beam of sound emanating from
the nostrils. Bats use this to detect obstacles
and prey by their echoes

One clawed digit — the thumb — has been left
free of the wing by natural selection, because
bats need it for grooming and for gripping cave
roofs. Bats without a free thumb would soon
be selected out of the population

Skin of the wing membrane has become
ultralight and almost hairless, making it
aerodynamic and extra-sensitive — so
the bat can detect faint turbulence and
adjust wing shape for efficient flying or
even to catch prey

A Shaped by evolution

Fossil mammals older than the earliest bat had plain faces and
ordinary, weightbearing forelimbs. During bat evolution, then,
selection must have favoured the drastic elongation of their
fingers, allowing them to support wings. In horseshoe bats, it
also favoured the extraordinary modification of their faces,
which improved their echolocation (their natural sonar).

Digits 2-5, the fingers, have
been vastly lengthened by
natural selection

HOW LIFE EVOLVES | 109



» Galapagos finches
When Darwin learned that
all of these Galapagos bird
specimens were finches,
despite their different bill
shapes and sizes, he
began to suspect that
they had diversified
from a single,
shared ancestor.
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BIG IDEAS

ife changes over the course of

L

From one form of life another will arise,

thousands, and millions, of years.

modified in some way by the environment
in which it lives. The second form of life is
more adapted to survive in its environment,
and it retains some aspects of its previous
form. This 1s evolution by natural selection,
and we can track its progress through the
fossil record.
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. EARLY CLUES
Philosophers of antiquity had anticipated

| evolutionary thought: some considered the

possibility that all life could be ranked in

" a hierarchy — with humans at the top.

In the 17th and 18th centuries, western
naturalists explored the world and filled
museums with fossils. Those that named
these extinct animals did so from a religious
point of view. Animals were assumed to

RIEORY OF
EVOLUTION

Some have called it the biggest idea of all time: that everything that has
ever lived on Earth — dodos and diatoms, cabbages and kings — has
descended from a single common ancestor. The possibility of life’s
evolution occupied some of the greatest minds, but it took one gentleman’s
lifetime pursuit of “the species problem” to explain how it could happen.

110 | THRESHOLDS

have been created in their current form by
God. Every species on Earth had always
been there, and they could not be changed.
Fossils could be explained away as animals
that had died during the Great Flood.
Scientists who compared the anatomy of
various animals saw plenty of parallels
between species. These similarities
supported the idea of an affinity between
certain groups of animals. For instance,
African baboons were undoubtedly closer
to Asian macaques than they were to
diminutive American marmosets. Likewise,
chimpanzees seemed close to humans. What
did this closeness mean, if anything?

ALTERNATIVE WORLD VIEW

For Charles Darwin — born into a reverent
society — these anatomical affinities caught
his attention. He was recommended for a
five-year voyage aboard the HMS Beagle.
During his journey, he collected specimens
from across the globe.

Darwin pondered on the unexpected
regional similarities in his specimens.
Similarities between species that lived
thousands of miles away from each other
seemed to go against the idea of a single,
spontancous Creation event. Animals on
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the Galapagos Islands resembled those in
nearby South America, and the unusual
wildlife in Australia seemed to belong to

a different Creation altogether. Upon
Darwin’s return to England, ornithologist
John Gould examined his collection of
Galapagos birds. Darwin assumed they
belonged to multiple families, but Gould
showed how they were in fact species of
closely related finches within one family.
Darwin’s experiences were persuading
him that not only were these new species
modified from a former generalized
species, but perhaps that was the case with
all forms of life — that there is one common
ancestor for all. Darwin ruminated on

his theory that evolution happened by
infinitesimally small changes over many,
many years and animals with traits that
aided survival were more likely to breed
and pass these “favourable” characteristics
on to the next generation.

In 1858, English naturalist Alfred Russell

Wallace wrote to Darwin with the same
idea. A year later, Darwin published his
ideas in a book, his famous On the Origin of
Species in 1859, which caused a stir in the
scientific community. He faced outrage,
since it essentially challenged Biblical
Creation as fact. Nevertheless, Darwin’s
theories gained respectable supporters,
including the English naturalist Thomas
Henry Huxley, a friend of Darwin’s who
championed his cause in the scientific
community. Within a few years, evolution
by natural selection was being lauded in
textbooks. In his Principles of Biology, the
philosopher Herbert Spencer coined an
expression that became synonymous with
Darwin’s ideas: “survival of the fittest”.

A UNIFIED THEORY

Darwin’s On the Origin of Species was
exhaustive in its catalogue of evidence,
but the mystery of inheritance remained.
Darwin understood that life changed over

Thomas Henry Huxley,

' biologist, 1825-1895

time, but how exactly did these changes
occur? The popular view was that
hereditary qualities blended from two
parents — akin to mixing paints of different
colours. No one knew if these qualities
physically existed. In reality, this blending
led to a dilution of varieties, not the
emergence of new ones, and so was

not a sufficient explanation.

CHARLES DARWIN WAITED
23 YEARS BEFORE PRESENTING
HIS IDEAS TO THE PUBLIC, DUE

TO THEIR CONTROVERSY

The breakthrough came from an unlikely
source: an Augustinian friar in Austria. In
the 1860s Gregor Mendel’s experiments in
breeding different varieties of pea plants
allowed him to deduce that inheritance was

EVOLUTION COULD... BE DISPROVED IF.. A SINGLE FOSSIL
TURNED UP IN THE WRONG DATE ORDER. EVOLUTION HAS

were more likely to express themselves than
others. When this generation was interbred,
the result were a group of peas with mixed
colours, indicating that traits could also skip
generations.

Mendel’s discoveries not only augmented
Darwin’s, despite each having no knowledge
of the other’s work, but also debunked
popular rival theories — such as
“Lamarckism”. The French naturalist
Jean-Baptiste Lamarck had proposed that
features acquired through life, such as larger
and stronger muscles, could be transmitted
to offspring. Mendelism was finally
rediscovered in 1900 and more scientists
began thinking about evolution with genetic
inheritance in mind. With genetics as the
exciting new discipline of natural science,
it became clear that new varieties of genes
arise by a process of spontancous mutation.
Natural selection acts upon these varieties
by choosing, and keeping, the most useful.
By the 1940s German-American biologist

PASSED THIS TEST WITH FLYING COLOURS.

due to particles, later called genes. Sexual
reproduction remixed genes to produce
unique combinations, some of which may
express themselves in later generations. This
explained two mysteries: the appearance

of characteristics that skip generations, and
the perpetuation of characteristics that
aided survival (natural selection). When he
bred yellow and green peas together, Mendel
saw that the next generation of peas were
uniformly yellow. Therefore, some traits

HISTORY OF EVOLUTION | 111

Richard Dawkins, biologist, 1941—

Ernst Mayr showed that if populations
fragmented, evolution could take different
courses away from a single ancestor —and
create new species.

Fossils record evolution in progress: fish
fins morphing into amphibious limbs, limbs
into wings, mammalian limbs back into
fin-like flippers, and so on. Today, DNA
analysis proves beyond doubt that even
the lowliest and loftiest life-forms share
the same origins.
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MICROBES APPEAR

Bacteria have been around far longer than any other kind of organism. They
were the first to photosynthesize, the first to consume food — and are still
the only living things capable of making their food in the absence of light.

V Bacteria

inside animals

Many food-eating
bacteria live inside the
guts of animals — such
as these on the lining of
a human colon. Most
maintain a cooperative
relationship with their
host by exchanging
nutrients —in humans,
they are esential to
digestion. But a few
cause disease.

Billions of years ago, they were pioneers of both oceans and land.

Bacteria are the simplest cellular organisms,
but also by far the most abundant and
widespread. They are far smaller than the
cells of plants and animals — most are about
one-tenth the size of a human skin cell.
They are called prokaryotic (“pro” meaning
before, and “karyon” meaning kernel),
because their cells lack the dense nucleus
that contains DNA in more complex cells.
Bacteria seem uniform in structure, but
this belies remarkable chemical diversity. In
1977, biologists recognized some kinds of
prokaryotes as an entirely new life-form,

BACTERIA ARE SO WIDESPREAD,
SOME LIVE 3KM (2 MILES)
DEEP IN EARTH’S CRUST, LIVING
ON ENERGY FROM
RADIOACTIVE URANIUM

called archaca. These archaea — mostly
living in hostile environments, such as salt
lakes or hot acidic pools — had unique,
cther-based membranes unlike any other
living thing. Some performed bizarre
chemical processes, spewing out methane.

BANKS OF DEFENCES
Early bacterial evolution happened in a
world teeming with other microbes — and

many of these early life-forms produced

¥ Bacillus

The shapes of bacteria vary from spherical
to spiral-shaped, but this rod-shaped type,
called a bacillus, is very common. It shows a
range of features present in some modern
bacteria. Most early bacteria would

not have had the outer capsule

layer, nor the hairlike pili.

repelling substances,

so-called antibiotics, as
they competed for food and
space. Bacteria, therefore, have layers

of defences. Outside their thin cell
membrane, which is common to all life,
they have a tough cell wall, and most types
also have a second membrane that helps
stop antibiotics from penetrating — and

still today, bacteria with a wall sandwiched
between inner and outer membranes

are most resistant to antibiotics.

CHEMICAL DIVERSITY

Bacterial nutrition spans the full range
of types seen in plants and animals — and
more besides. Many have retained the
food-making capability of life’s earliest
ancestors, deriving energy from minerals.

112 ‘ THRESHOLD 5

Main genome —along,
twisted, closed loop of DNA,
containing a few thousand
genes, loosely bound to the
centre of the cell

Plasmid — one
of many short
loops of DNA

Some of these bacteria

invaded soils and became

critical for other life by recycling ‘
clements such as nitrogen. Others — the
cyanobacteria — evolved photosynthesis,
making food from sunlight, and were the
first organisms to pour oxygen into the
atmosphere. But as microbial communities
evolved to be more complex, many became
food-caters — absorbing nourishment from
their surroundings. It was bacteria like
these that — billions of years later — would
invade the dead and living bodies of plants
and animals, becoming decomposers or
discase-causing parasites.
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< Tree of life
This tree shows the branching relationships
Last Universal Common among all forms of life, according to DNA
Ancestor, or “LUCA” analysis. The analysis suggests that all cellular life

alive today has a common origin — it evolved just
once, from an unknown ancestor dubbed
“LUCA”, and that it has three main branches,

or domains: bacteria, archaea, and eukaryotes.

ARCHAEA
KEY

Bacteria are prokaryotes — all
simple, single-celled microbes.

I Archaea are prokaryotes, like bacteria.
They resemble bacteria, but at a chemical
level they are utterly different, and only
distantly related.

"'} " Eukaryotes are much more complex (see pp.118—

\ “. ANIMALS 19), but m.ost branches are als_o microbes. The
plants, animals, and fungi are just small twigs
within the eukaryote limb of the tree of life.

P 4 i

" LAND PLANTS

EUKARYOTES

Cell membrane lines the

inside of the cell wall Cell wall is a rigid casing made

of murein —a tough substance

f unique to bacteria

Capsule is a thick

coating of gelatinous Food stores are
material surrounding found throughout
some bacteria the cell Ribosome is a tiny molecular machine

that helps to turn DNA instructions
into specific proteins

Flagellar machinery drives
the rotating flagellum

Cytoplasm is the fluid
material filling the cell
and containing a thick
soup of proteins and
other substances

Pilus is a hairlike attachment made
from protein. Bacteria use their pili
to attach to surfaces or to interact ‘ Flagellum — a whiplike appendage ~
with other cells : that powers the bacterium —
through fluid. Many types of !
bacteria lack a flagellum “
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LIFE DISCOVERS
SUNLIGHT

Life needs energy, and the first living things drew it from minerals and
made their food in the darkness of the deep ocean. Those that followed
found energy in other places — and, as ancestors of plants and animals,
they captured sunlight in the shallows or ate food made by other cells.

Every living thing — from a microbe to the
tallest tree — consumes energy that changes
small molecules into big ones, pumps
life-giving matter into cells, and resists
decay. The immediate energy source for
this is food. Energy-rich substances, such
as sugars and fats, go through a kind of
controlled combustion inside cells — in

the same way that chemical fuel can be
burned to power any machine. But instead
of ignition, cells use molecular catalysts
(called enzymes) to tease the energy from
their nutritive fuel in a safe and manageable

way. The process is called respiration.

» Predator in miniature
Amoebas get food by
engulfing smaller
organisms, such as
algae, and breaking
them down using
digestive enzymes. It
means amoebas can live
in darkness but need
prey to stay alive.

(1)

The most self-sufficient strategy for nutrition
is to make food, such as sugar, fat, and
protein, from non-food materials. Carbon
dioxide in air or dissolved in water provides
the carbon and some of the oxygen. Water
can provide the hydrogen — and minerals
such as nitrates, phosphates, and sulphates
deliver nitrogen, phosphorus, and sulphur.
Today the world is covered in plants that
use the Sun’s energy to do just that — but the
full scope of food-making life is far greater.

MAKING FOOD

Plants are not the only food producers. The
most self-sufficient organisms of all can live
without light and survive on nothing but

water dosed with minerals. These life-forms —

all of them bacteria or archaea — can extract
energy from chemical processes involving
these minerals — and use it to manufacture
their food. Organisms that perform this
chemical nutrition were among the first
life-forms to thrive in the deep, mineral-rich
oceans. Some are now the unseen recyclers
of nature, their mineral-changing abilities
helping to return the nitrogen in dead
plants and animals to other living things.

A significant shift in the abilities of
prehistoric microbes came when they
invaded sunlit shallow waters. These new
bacteria used sunlight to make food — in the
process of photosynthesis. They could only
get nourishment in daylight — but the reward
for doing so far outweighed that of making

BY BLENDING WATER AND MINERALS FROM BELOW WITH
SUNLIGHT AND CARBON DIOXIDE FROM ABOVE, CGREEN
PLANTS LINK THE EARTH TO THE SKY.

99

Fritjof Capra, physicist, 1939—
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A Energy from sunlight

A thin mat of cyanobacteria on a living stromatolite
uses green chlorophyll to trap sunlight. The energy
is used to make organic food from carbon dioxide
and water, and oxygen bubbles off as a by-product.

food in darkness: sunlight contains much
more energy than minerals. These microbes
therefore thrived as they basked in coastal
seas. They reorganized and reinvented
chemical processes, changing energy-giving
reactions into new ones that used solar
radiation. They did it with pigments, such as
chlorophyll, that absorbed and trapped the
light energy. The first photosynthesizers
converted carbon dioxide to sugar by adding
the hydrogen from hydrogen sulphide.
Scientists know this due to the yellow
deposits of sulphur this process left behind in
rock. But a later refinement to photosynthesis
helped life-forms get hydrogen from water
instead. The substance left over this time —
oxygen — eventually filled the atmosphere
(see pp.116-17), and later helped cells burn
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their food in respiration more efficiently.
These pioneers were probably like today’s
cyanobacteria. They grew into sticky films
of cells that trapped sediment. Over
thousands of years, these colonies formed
rocky mounds called stromatolites (“stroma”,
bed; “lithos”, rock). Stromatolites still live in
a few warm coastal seas, where extra-salty
conditions suppress grazing animals — but
they are abundant in the fossil record.

CONSUMING FOOD

As soon as some life-forms started producing
food, the opportunity for a shortcut existed.
Instead of being producers, organisms could
evolve a new strategy — they could eat food
produced by others. These organisms
abandoned food-making and became
consumers — collecting their nourishment

in ready-made form. Those that consume
organic food in this way are represented

by animals, fungi, and a whole range of
microbes. The earliest food-caters probably

380MYA

FIRST TREES
AND FORESTS

iiii I.iiiiiiiiiiiiiﬁ"iiiiiiiiiiiiiiiii" iiiiiiiiiiiiiiiiii'ﬁiiiiiiiiiiiiiiiili iiiiiiiii

acquired dissolved food — such as sugars —

simply by absorbing it from the vicinity.
Decomposers, such as fungi, still get
nourishment this way — producing digestive
juices to break down any organic materials
that are close by so they become more
absorbable. Active hunting, in which one
organism cats and digests another, became
an obvious next step, and complex cells,
such as amoebas, evolved the means to
engulf tinier organisms. It was the
appearance of this predatory behaviour that
marked the start of microscopic food chains.
Today, producers and consumers are
linked by the transfer of energy along bigger
food chains. Ocean and land life starts with
the solar-powered algae and plants that
now provide almost all of the world’s food.
Herbivores and predators are voracious in
the scale of their consumption, while all
these living things are, in turn, dependent
on the fungi and bacteria that — in their
various ways — recycle dead matter.
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¥ Where photosynthesis is happening
Photosynthesis is the principal food-making
process for modern life. Plants and algae are
the producers of food chains that support

Marine algae . .
& animals on land and in oceans.

are concentrated in
seasonally recycled,
nutrient-rich waters
far from the equator
or near to coasts

Tropical rainforests have especially
high productivity on land

KEY
Chlorophyll density in the ocean Vegetation density on land

. — |
Minimum Maximum ~ Minimum Maximum
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FILLS THE AIR
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Nearly two and a half billion years ago, Earth’s air
underwent a dramatic change: it became oxygenated.
This momentous event was caused by new kinds

of microbes, and it was incredibly important for

the future of all life.

These microbes, bubbling away in the ocean’s sunlit shallows,
produced oxygen, and ensured that the organisms that followed
would never be the same again.

Oxygen is a remarkable element. It causes fire, which turns
organic material to cinder — but it is also a component of complex
molecules, such as DNA. Most living things need it to breathe and
stay alive. Today, oxygen gas makes up about one-fifth of the
atmosphere’s chemical composition, but for the first half of Earth’s
history, there was practically no gaseous oxygen at all. Instead, all
oxygen lay chemically bound in water and rocks. Photosynthesizing
microbes were the first organisms to release oxygen by splitting it
away from water as they made their food (see pp.114—-15).

POISON TURNED PROFIT

Early life was so unaccustomed to growing levels of oxygen that

the response was cataclysmic. The same oxygen that can corrode
metal to rust wreaked havoc on the delicate machinery of cells
ill-protected from it. Much of early life, having evolved in habitats
devoid of oxygen, died in the new poisonous oxygen onslaught.

A few microbes had the means to survive — they had enzymes that
locked the oxygen away inside their molecules where it could do no
damage. But one kind of life-form went a stage further by exploiting
the fact that oxidation can be productive as well as destructive.

The cagerness with which oxygen reacts means that oxidation
releases energy. So much energy is released during combustion that
the reaction grows hot. For billions of years, cells had been honing
ways of capturing energy to drive the processes of life. The
presence of oxygen opened up a new avenue of metabolism —

acrobic respiration — by reacting oxygen with organic molecules
(see pp.102-03) and harnessing the energy that was
released. It was such an efficient mechanism for

creating energy that within another billion
years, virtually all life on Earth was
breathing oxygen.

Layer of chert

Richiron layer

<4 Bands of evidence
Excavation of rocks dating
back to before the Great
Oxygenation Event reveals
bands of red iron ore. They
formed in the seas in which
oxygen was being released.

936 MYA | ESTIMATED ORICIN OF
ALCAE AND PLANTS

Early atmosphere was composed

of relatively unreactive gases, such
as nitrogen and carbon dioxide, and
the sky was red

Sunlight filtered into
shallow ocean

Some microbes
moved to shallower
waters and began
to photosynthesize

Life probably originated in the deep ocean, beyond the reach
of sunlight. As early life-forms dispersed into new habitats,
those in the sunlit shallows found a new source of energy for
making food: light energy from the Sun.

Carbon dioxide-rich
atmosphere slowly
became richer in oxygen

Oxygen was released
into the air from an
oxygen-saturated ocean

Bands of iron oxide
formed deeper layers
as new sediment layers
were laid down above

For hundreds of millions of years, oxygen produced by photosynthesis was soaked up
by the ocean’s iron and laid down in rusty bands that today comprise an important part
of the world’s reserves of iron ore. When the ocean’s dissolved iron ran out around

2.4 BYA, oxygen saturated the water, then started to fill the atmosphere.
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Stromatolites were formed by layers
of minerals laid down by microbes
hungry for the Sun’s energy .

Tail-like flagellum <Solar-powered microbe

used to swim The photosynthesizing microbes

evolved pigments, coloured green,
that absorbed the Sun’s energy. They
harness this energy to make organic
food, such as sugars, in the process
of photosynthesis (see pp.114-15).

Oxygen was released
into the ocean by
photosynthesizing
microbes

Green pigment packed
onto membranes inside
microbe

Cell wall surrounds
simple cell body

-

60

IT1S THIS CONDITION THAT MAY HAVE
SET THE ENVIRONMENTAL STAGE
AND ULTIMATELY THE CLOCK FOR
Microbes in shallow seas began photosynthesizing between 3.8 and 3.2 8va. They THE ADVANCE OF.. ANIMALS.

Bacterial
mats formed

Iron oxide formed a red,
rusty layer on the sea bed

formed colonies, collecting as bacterial mats and building stromatolites. By extracting ,,
hydrogen from water, they released oxygen, but it did not escape into the atmosphere. . ] )
It reacted with the ocean’s dissolved iron, turning it to iron oxide on the sea bed. Timothy Lyons, biogeochemist professor, c.1960—
Atmosphere was New organisms
oxygen-rich, and evolved that can use
the sky was blue oxygen for energy
micEri)rtl;:; Stromatolites

fossilized,
turning to rock

died off

Stromatolites
died off

After 2.4 BYA, the ocean’s water was full of oxygen and the New microbes evolved and could now use oxygen to extract more energy
atmosphere was oxygen-rich. Since organisms had evolved in habitats from food and went on to be the dominant life-forms in the new oxygen-
low in oxygen, these new conditions poisoned most of them. Only a few rich habitat. A few oxygen-hating microbes persisted where oxygen could
had the means to detoxify the oxygen, and so could survive. not reach them — such as in thick muds.
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COMPLEX CELLS EVOLVE

In a world 2.7 Bya, teeming with microbes, life found a way to move
forward. Simple bacteria were joined by bigger cells to form microscopic
cooperatives, merging and collaborating to form complex new cells.
Such cells would become the living units of plants and animals.

The abilities of bacteria are limited by their
simple structure. Although they can perform
chemical tricks impossible in more complex
life, they are restricted in how they move
and socialize. Greater possibilities opened
up when bigger microbes swallowed smaller
ones — and kept them alive inside them.

CELLULAR COMPARTMENTS

Plant and animal cells are eukaryotic (“eu”,
true; “karyon”, kernel), meaning they have

a central compartment called the nucleus.
This, together with many other membrane-
bound chambers, distinguishes these complex
cells from bacteria. The chambers are called
organelles, because their uses in a cell are
comparable to the functions of organs in a

Photosynthetic membranes,
arranged just like those in
cyanobacteria alive today, are
packed with chlorophyll,
which absorbs light energy

larger body. Some, notably chloroplasts and
mitochondria, are reminiscent of some
free-living bacteria. It suggests they came to
be when microbes in prehistoric communities
engulfed smaller cells for food, but instead of
cating them, held them captive, preserving
their life processes. In this way, some
photosynthetic bacteria of yesterday became
the chloroplasts of today. And mitochondria,
which respire using oxygen, came from
oxygen-breathing bacteria. Even the nucleus
may have begun like this, although little
remains to hint at its probable archaea
ancestors. In cach case, the prisoners were
“cultivated” and passed down whenever their
hosts reproduced. Over millions of years, host
and organelle became entirely codependent.

Chloroplast creates sugar by
photosynthesis. The ancestors of
chloroplasts were probably ancient
cyanobacteria. Like mitochondria,
chloroplasts have their own DNA,
with around 100 genes

Eukaryotes expanded more than
bacteria ever could. Some used their
photosynthesizing chloroplasts to become
algae and plants. The food-eaters became
amocbas, fungi, and animals. A few, such
as Fuglena, could even switch between
photosynthesis in sunshine and absorbing
food in darkness. But it was cell-to-cell
interaction that continued to be the
driving force in escalating complexity —
so, in time, eukaryotes evolved into the
largest and most elaborate organisms

on the planet.

Ridged surface, or
pellicle, is tough enough
to protect the organism
but flexible enough to
Golgibody is a cluster let Euglena engulf prey
of sacs that help refine
and sort proteins and
other cellular products

Outer membrane is
permeable to organic
molecules needed for

aerobic respration

" ¥

MITOCHONDRION

Inner membrane folded

to fit in lots of enzymes that
perform aerobic respiration —
the process that uses oxygen
to break down food for energy

Outer membrane is in
three layers —a relic of
the chloroplast’s origin
as a cyanobacterium

inside a host cell

Mitochondrion is rod-shaped like a
bacillus and is a descendant of free-
living bacteria. It even retains some
DNA, containing more than 30 genes,
from its time as a free-living organism

Nucleus contains DNA inside
its double membrane. Nuclei
may have originated as free-
living archaea — microbes that
survived in hot acidic pools

Endoplasmic reticulum is a stack
of membranous envelopes. Most
are studded with protein-making
granules called ribosomes; others

help make oily substances

Food particles
engulfed by the cell
are digested inside
by enzymes
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Neither animal nor plant

A marvel of microscopic intricacy, Euglena
is a single-celled pond dweller that can
photosynthesize like a plant, but can also
eat food like an animal. Its whiplike flagellum
helps it to move into sunlight or towards
nourishment in darkness. I

e

|
]

1

!

Contractile vacuole
excess water from Et
its body fluids in b

allowed its ancestors:
the salty ocean to fr
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SEX MIXES GENES

Mistakes in the copying of genetic material, known as mutations, create
new genes and characteristics — but it is the sexual behaviour of life that
mixes them up, creating unique individuals. Sexuality is a basic property
of all known life and it is likely that it emerged very early on in evolution.

BEFORE GENE
~ TRANSFER

Main genome on
asingle looped
chromosome

DNA s also on
shorter loops
called plasmids

Some organisms reproduce without sex, so

offspring carry exact copies of their parent’s THERE ARE 8 MILLION Purple P|a|5n;id.5
genes. The only way they can change over GENETIC COMBINATIONS gmﬁ;:sg:

generations is when mutation produces POSSIBLE IN THE SPERM OR
variety. But most organisms, because of EGGS PRODUCED BY A Bacterium

their sexuality, can vary much more. Sex EVERY HUMAN Bacteria have sex by transferring DNA to another
mixes up DNA, enriching a population individual. Some of the genes that control the
with new combinations. A plant species exchange are actually on the DNA that is moved,

. . . . . so the DNA strand controls its own transfer, a
might have genetically-determined white separates the doses into sex cells (usually P . ‘

L little like an independent life-form.
or purple flowers, as well as tall or dwarf sperm and eggs), and fertilization restores
statures. These variants are produced by the double dose. This ensures that each gene
mutations (see pp.108-09), but sex mixes gets inherited and no information is lost. Single-celled Parent’s DNA is on
them up, so both tall or dwarf plants can parent has a chromosome pairs —
protective asingle pair of

produce flowers of either colour. VARIETY IN SPERM AND EGGS casing chromosomes

The simplest kind of sex happens when Fertilization mixes genes from different Is shown here
bacteria exchange bits of DNA. When they  individuals, but meiosis ensures that all the
separate, cach partner is genetically changed, sex cells coming from a single parent are
but no new cells are made. So bacteria have  different, too. As a prelude to meiosis, DNA
evolved sex, but not sexual reproduction. is shuffled around in the cells of the sex —

organs, so that all the sperm or egg cells '

HOW TO SHUFFLE A HUGE GENOME made by one parent are genetically different.
Complex, or eukaryotic, cells (see pp.118— Plants, animals, and other complex
19), including those of all plants, fungi, and ~ organisms evolved sexual lifecycles that were

animals, cannot exchange their genes as moulded by their capabilities. Fungi — which Chromosome has
) bacteria do: their long, unwieldy chains of grow as microscopic threads — adopted a PARENT ;2;2?22 ﬁfsagi,tr?s:f bot
;rzgzg?;:i cox DNA prevent it. Instead, they rely on first method reminiscent of bacteria: their some versions differ
cells can be prolific. making special sex cells containing only half  threads fuse in places without producing A Complex microbe
Corals release millions their DNA, and then fuse, or fertilize, them  true sperm or eggs. Plants — rooted to the Chlamydomonas is a single-celled microbe, but as
of spermand eggs with half the DNA of another individual. ground — evolved cycles that used dispersive @ complex cell (eukaryote), it has a double-dose of

simultaneously — DNA divided into pairs of equivalent chromosomes.
increasing the chance o N . . . Each member of a chromosome pair has equivalent
of fertilization in the they need two “doses” of each kind of gene.  sex served to multiply the raw material for genes to its partner, but these genes may differ, due

open ocean water. The halving process, called meiosis, natural selection — variation. to mutations accumulated over millions of years.

To achieve the halving and fertilization, spores or pollen. But in all these organisms,

PARENT - A /;‘\\ One of millions of cells in the
AL

\_ \ parent animal, each containing

NEMATODE, A \ paired chromosomes — only Thhese cellsgre from
S - t t ’
SIMPLE ANIMAL/ } one pair is shown here ov?a:z?ftﬁe;i:re
bout to make
Each member of every a
F//::“/ / ,\_,/‘ /] chromosome pair has eggs (sex cells)
{f b versions of all the
{ genes of its partner
\A‘\
" | ;
-
A Animal

Animals are also eukaryotes. They carry out the same
halving and fertilization processes as all eukaryotes,
but their sex cells are short-lived eggs and sperm,
produced by the halving process (meiosis) in the
animals’ sex cells — either ovaries or testes. PARENT IN CLOSE-UP
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Plasmid DNA
passes into another
individual

After DNA transfer,
both bacteria have a
copy of the plasmid

GENE GENE TRANSFER
TRANSFER s ACHIEVED

Before dividing, chromosome

pairs stickctiogetherandI swalf Parent cell splits

corresponding material, makin .

newcc?mbinaﬁons of genes ¢ into four sex cells One sex cell fuses
with the cell of another
individual (there are
no males or females)

. Sex cell of another (¢ "
- individual, carrying
) > a mixed-up half A .
- FERTILIZATION of its own :

J parent’s genes
MIXING THE DNA Each sex cell has a mixed-up half of GENETICALLY
the parent’s DNA; each is different MIXED OFFSPRING
from the parent and from the others
SEX CELLS

The fertilization
\ produces offspring with
L\ new, unique mix of DNA

Offspring has
anew, unique
combination
of DNA

The halving produces a
variety of eggs (or sperm),
each with a mixed-up half

from another

of the parent's genes
Before halving the DNA,
chromosome pairs meet
and swap genes
individual
HALVING
THEDNA An egg fuses
with a genetically
different sex cell
from another
individual

SEX CELLS GENETICALLY MIXED OFFSPRING
MIXING THE DNA (EGGS) FERTILIZATION OFFSPRING IN CLOSE-UP

The cells multiply
to grow into a

Embryo begins dividing into
new adult

many cells, each with the
same DNA, eventually to
build the animal’s body

Sex cell (sperm)
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A Temporary body
Slime moulds are
on the cusp of
multicellularity. They
are usually solitary,
amoeba-like single
cells, but in times of
stress, they band
together and form
multicellular
fruiting bodies
such as these.

OXYCEN 936 MYA | ESTIMATED ORIGIN OF
FILLS THEAIR ALCAE AND PLANTS

( | | | ’ B | ( 'I | N Cleft suggests this is an embryo that

has just made its first cell division,

TO BUILD BODIES P

The step from microscopic, single-celled microbes to organisms such as
plants and animals, with up to trillions of cells, was another quantum leap
in the complexity of life. Maintaining order in a multicellular organism
demands that cells not only stick together in the right way, but also
communicate so that the entire body develops properly.

There are limits to the capabilities of a
single-celled microbe. Cells cannot grow
beyond a certain size without becoming
unmanageable — using diffusion, materials
for life pass in and out of their bodies only
over microscopic distances, and the oily
cell membrane breaks up if a cell gets too
big. Cells divide when they reach a certain

stage, so microbes stay microscopic.

Bigger organisms with cooperating working
parts can evolve new ways to live, but they
must become multicellular to do so.

Some microbes refuse to separate after
division, so their cells remain attached in a
colony. The simplicity of this arrangement —
division without segregation — suggests that
multicellularity in itself is not such a
monumental achievement — but getting
body parts (and therefore cells) focused

on different tasks is another matter.

DIVISION OF CELLULAR LABOUR

True multicellularity happens when a
colony’s cells work together and specialize,
relying on chemical cues from their
neighbours to do so. All cells in a colony
carry copies of DNA made by replication
during cach cellular division. Although they
keep identical genetic blueprints, cells switch
off selected genes as they forego certain

functions to concentrate on specific jobs —
and increasingly rely on other cells around
them to supply their deficiencies.

In the Precambrian oceans, filter-
feeding sponges were among the first
multicellular animals, although they are

just a step away from being a loose colony.
A sponge passed through a sieve can sprout TWO-CELL STAGE
new individuals from each separated cell,
and the same is true of some simple algae.
Later, more complex, animals and plants

had cells more committed to their specific
roles. Their fate — to become skin, muscle,
or another tissue — is set by their location
in the early embryo. Cooperating tissues
then become organs, such as solar-powered
leaves or beating hearts, and their cells

no longer survive alone.

Multicellularity might make cells forever
dependent, but it reaps enormous benefits
for the bigger body. It allowed life to evolve
working parts, such as stinging tentacles and
sex organs. The variety of body sizes now
possible multiplied the complexity of natural
communities, leading to elaborate food webs
and habitats built from the bodies of larger
organisms, from corals to trees.

Epithelial cell
forms sponge’s
body lining

16-CELL STAGE

Collar cell creates Collar |

afeeding current Flagellum beats

to create a current
that carries food

to the cell

Pore cell lets

in water and

food CHOANOFLAGELLATE

COLONY

Amoeboid

cell attacks < Creature or colony?

invaders The distinction between colonies of cells and true
multicellular life is not always clear. Single-celled microbes
called choanoflagellates form stalked colonies. Many cells in
asponge look and behave in much the same way. What makes
the animal more than a colony are its different, specialized cell

SPONGE types, which must cooperate in an integrated way to survive.
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One of four cells in this fossil, Granular texture is due
suggesting it is an embryo that to the mineralization
has divided twice process of fossilization

A membrane encloses
the cells, just as it would

in an animal embryo
FOUR-CELL STAGE EIGHT-CELL STAGE

Cells in this “embryo” are more
rounded — perhaps due to loss
of its enveloping membrane

This membrane encloses what
looks like a ball of cells — called a
32-CELL STAGE blastula in animal embryos BLASTULA STAGE

“ A Arrested development
Fossils from the Doushantuo Formation of

Chi tosh b f inti
THE ANCESTORS OF THE HIGHER ANIMALS MUST attheirvery earlest tages of celldvision, 5.
they change from a single egg cell to form first

BE .. ONE-CELLED BEINGS, SIMILAR TO THE AMOEBAE o, thenfour and gt el ands0 o, This

act of cell division without separating is at the

WHICH .. OCCUR IN OUR RIVERS, POOLS, AND LAKES. R

fossils represent very early multicellular

animals beginning life around 635 mya. This

interpretation is not without controversy, as

Ernst Haeckel, evolutionary biologist, 1834-1919 some researchers suggest that the fossils may
The History of Creation be algal cysts and not embryos.
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Showing off : y %
Many males use colour to impress females 2 ; =i 7 AN
in species that have good daytime vision — - |
such as big-eyed jumping spiders. This male
peacock jumping spider combines colour with
choreography in his courtship display.
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MALES AND

530 MYA* FIRST LAND

FEMALES DIVERGE

As well as evolving complex, multicellular bodies, plants and animals also diverged
into two sexes. In each species of animal, half became females and — through yolky
eggs or pregnancy — focused on nourishing their offspring. The other half — the
males — became fighters and show-offs.

Contrast between the sexes can be very
pronounced indeed. A female elephant
seal can be five times smaller than her
mate — and an anglerfish female 40 times
bigger. All sexual organisms have a shared
genetic investment in producing offspring,
but males and females have dissimilar —
although complementary — interests in the
way they help create the next generation.

6o

investment in the next generation makes
a female choosy when it comes to selecting
mates and passing on her genes.

The cost of sperm production is far lower.
In the drive to pass on their genes, males
invest more in beating other males to fertilize
eggs, cither in competition, such as a race
or fight, or by wowing females with
advertisement displays. This has resulted

WE CAN HARDLY BELIEVE THAT... THE FEMALE... S NOT
INFLUENCED BY THE GORGEOUS COLOURS OR OTHER
ORNAMENTS WITH WHICH THE MALE... IS DECORATED.

44

Charles Darwin, biologist, 1809-82, The Descent of Man and Selection in Relation to Sex

MATING TYPES AND SEXES
The lowliest of organisms manages to be
sexual without having males and females
at all. Many microbes and fungi have
multiple, but identical-looking, “mating
types”. Subtle chemical differences dictate
whether they can fuse to mix their genes.
Mating types have equal reproductive
responsibilities. But the evolution of different
sexes changes this. Although each sex
contributes the same amount of genetic
information, the female sex supplies hers as
an egg provided with nourishing yolk, while
males make lightweight sperm devoted to
racing to fuse with that egg. The battle
of the sexes began when sperm started
swimming towards food-packed eggs.

CHOOSY FEMALES, SHOWY MALES
Some females — such as many insects

and fish — deposit tiny amounts of yolk

in each egg so can still afford to produce
hundreds. Others make fewer, yolkier
eggs or give birth to young after a costly
pregnancy. Either way, high bodily

MALES AND FEMALES DIVERCE | 125

in extravagant male features, from the giant
jaws of stag beetles to a bird-of-paradise’s
plumes. Fossil evidence — such as the crests of
male pterosaurs — suggests that this is nothing
new. But male displays relying on colour,
voice, or behaviour leave no trace; today these
attributes provide some of the most dazzling
natural spectacles — as males fight, dance,

or sing their way to mating success.

< Size contrast

An egg’s package of
cytoplasm and yolk
makes it one of the
biggest kinds of cells.
A sperm —one of
the smallest — has
awhiplike flagellum
that helps it swim,
powered by a single
mitochondrion.
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V Fossil brain

Soft tissues, such as
the brain, rarely
fossilize, but the fossil
head of a Cambrian
shrimplike animal
called Fuxianhuia
shows a detailed brain
impression. The large
optic lobes suggest the
animal relied on vision.

2.4BYA | OXYGEN
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Nerve net
extends into
each tentacle

Ge T ABRAIN

All animals have a nervous system that detects and responds
to change. But only some evolved more complex behaviour.
The animals that did are those that started swimming

or crawling forwards. They developed a battery of sense
organs and a decision-making brain to lead the way.

Some of the first animals, such as jellyfish,
moved with tentacles radiating from the
body in all directions. Their body had

a top and bottom, but no front or back —
so no head and tail. It was enough to
respond to food and danger, and they

had a nervous system for that, made up

of long, interconnecting nerve cells. A
stimulus, which can be any prompt from
the environment, triggered their system
to fire electrical impulses along the nerve
cells’ fibres — and when the signal reached
a muscle, the muscle contracted to pull on
a part of the body. But complex behaviour
was impossible: they had no brain to
analyze sensory input and make decisions.

A HEAD FOR THINKING

More than 600 MYA, forward-moving
animals introduced a key innovation. If they
moved in one direction consistently, one
part of the body — the front end — always
encountered new territory first. Animals

concentrated sense organs at this end and
developed a corresponding mass of nerve

cells that processed all the incoming data:
they evolved the first heads with the first
brains. A central conduit — a nerve chord —
carried impulses through the body, allowing
communication between brain, muscles,
and sense organs. It meant a fundamental
rearrangement. Two sides of the newly
clongated body developed as mirror images
of ecach other, giving the new kind of animal
a single line of symmetry down the midline
of its body. This body plan came to dominate
animals from the simplest flatworms to the
most complex vertebrates.

Brain power allows complex behaviour,
so spiders, for instance, can spin webs to
catch prey. But as long as behaviour has a
fixed pattern, it can still be “hard-wired”
and determined by genes. Genuine
versatility would come where traces of the
brain’s electrical activity left memories that
affected behaviour. Big-brained animals,
such as mammals and birds, can learn from
experience. And among them, a few gained
foresight — the ultimate expression of brain
power that foreshadowed human creativity.

Auricle is a projection
on the side of the head
that is sensitive to
chemicals and is used
to find food

Eye-spot, or ocellus, responds
to light but doesn’t produce
detailed images

Brain is simply a concentration
of the biggest ganglia at the
head end of the body

Nerve fibre,the _____1 [~
long, thin part of a e, AV
nerve cell, carries AN &
electrical impulses

Nodes are points where
nerve fibres meet and
communicate

S |

A Nerve net

An anemone does not have any nerve cells
concentrated in a brain. Instead, they are
arranged into a net, with sensory ones collecting
information and deeper ones communicating
with muscles. Behaviour is in its simplest
stimulus-response form.

Nerve chord - a thick V- g
bundle of nerve fibres — is
one of a pair running down
the ventral (belly) side
of the animal

Snout is the first part of /

the body to encounter new
things and is touch-sensitive
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60
PARTS OF THE BRAINS OF DIFFERENT ANIMALS HAVE EXPANDED
AND PROSPERED IN IMPORTANCE... ALL IN ACCORDANCE
WITH THE DEMANDS OF THE LIFESTYLE OF THE SPECIES.

Compound eye is
,, much more complex
than an eye-spot, and
delivers detailed

images to the brain

Susan Greenfield, neuroscientist, 1950—

Peripheral nerves are made of bundles
of fibres (nerve cells) and extend into
every part of the body’s surface

Optic lobe is
made of many
parallel nerve
cells, leading to
and from the eye

Nerve tissue extends, as
alobe of the brain, into
the sensory antenna

Ganglion is a dense concentration
of nerve cells. Ganglia are arranged
in pairs and form chains down the

BWimACive chords Brain is much bigger,

showing that the
nervous system has
become “centralized”
around the brain

Lobe of brain leading
to mouthparts or other
head appendages

Head is more distinct than the
flatworm’s head. “Encephalization” —
the evolutionary process of
developing a head —is complete

A Simplest brain
~ Flatworms are among the simplest of living
animals with a head and a brain. The central

- nervous system consists of a cluster of ganglia
ﬁr (bulges of nerve cells) making up a primitive brain,
d while nerve chords communicate with the rest
of the body. Further neurons carry impulses
to and from sense organs and muscles.

Ganglion partially
governs a segment
of the body, forming
amini-brain devoted
to that segment

Nerve chord is one of a
pair, as in the flatworm,
running down the
animal’s underside

» Bigger brain

This arthropod, based on fossil
Fuxianhuia (see opposite), shows
how complex nervous systems had
become by the early Cambrian period
(515 MYA). Fuxianhuia had a segmented
body, with a pair of ganglia in each
segment. The brain was much larger
and features fat superhighways of
nerve cells extending into the head’s
appendages and sense organs.

A HUMAN HAS 85 BILLION
NERVE CELLS BUT A
NEMATODE WORM CETS
BY WITH 302
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¥ Colonizing

the ocean floor

The earliest animals
hugged the ocean floor,
but their diversity and
ecology escalated as
some of them dug
deeper into the mud
and others grew
upwards into the
water, discovering
new survival strategies
and building complex
communities.

2.4BYA | OXYGEN
FILLS THEAIR

ANIMAL LIFE
EXPLODES

936 MYA

The first big explosion of animal life occurred just over 600 MYA — in
oceans already alive with algae and microbes. From modest beginnings
as creepers and grazers on the sea bed, animals quickly evolved into

all the main groups alive today.

The oldest full-body fossils seem to appear
so suddenly in the geological record that the
first chapter in the evolution of animals has
been called an “explosion”. A fuller picture
actually reveals what might be a series of
explosions. An early wave of evolution left
behind fossils worldwide, but notably in
Newfoundland, Canada, and in Australia’s
Ediacara Hills, which gave their name to
this period, the Ediacaran (635541 mya).
The animals preserved are unrecognizable —
some are disc-shaped, others frondlike —and
scientists cannot place them in any modern
groups. These were not the first animals.
DNA evidence points to an even earlier
pre-Cambrian origin, but the earliest forms

Charnia — an organism completely
unlike any alive today — had
aleaflike appearance, but it
was a food-absorbing animal -

In the Ediacaran period (about 560 mya), the
sea bed was colonized by surface mats of algae,
microbes, and possibly sponges. Scratch marks
were made by early animals, possibly including
Kimberella, as they grazed the algae.

left little more than tracks and traces.
Those fossil traces can be a rich source of
data themselves, however, telling us about
animal lifestyles and communities.

EARLY RECYCLERS

Animals evolved from single-celled
organisms. The pre-Cambrian track marks
show that the lives of these first animals
were tied to sediments on the ocean bed.
Some crawled over the surface or grew into
spongelike mats. Animals had evolved
muscle systems, which distinguish them
from other multicellular life. Their muscles
helped them play an active role in shaping
their environment. In their search for

—_———

Sponges filter-fed
on suspended food

Sponge

-~ |Thefirstburrows beneath
- thesurface were made by -
- unknown wormlike animals AR

ESTIMATED ORIGIN OF
ALCAE AND PLANTS

FROM THE BEGINNING TO
THE END OF THE CAMBRIAN
PERIOD, ANIMAL BURROWING
DEPTH INCREASED FROM
1CM (2IN) TO 1M (39IN)

dissolved food, some of these pioneers of the
sediment evolved into burrowers and began
churning the sediment in ways that had
never happened before. This swirled
materials between the ocean water and

the bottom muds — adding oxygen to the
sediment and exchanging organic matter
and minerals between the two habitats.

Early in the Cambrian period (about 540 mYA), a deeper
layer of mixed, recycled sediment was created by animals
burrowing and digging. The earliest known arthropods,
probably resembling trilobites, left tracks — long before
the first trilobite body was fossilized.
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SEA-BED COMMUNITIES

By the early Cambrian, animal communities
were flourishing on and around the sea
bed. The fossil record of this time is less
incomplete, as many animals had chalky
exoskeletons — protection from others but
also able to support taller bodies and
colonies. As plankton became richer with
bigger organisms, their dead bodies and
waste were more likely to sink. For the first
time, life-forms in the water column were
strongly linked to those on the ocean floor
by a primitive food chain. Deposit-feeders
came to depend on this rain of food.

Now was the time of the full Cambrian
Explosion, documented most famously by
Canada’s Burgess Shale fossil assemblage
(505 mya). All the major kinds of living

06

220MYA | FIRSTMAMMALS
AND DINOSAURS

66 MYA | ASTEROIDKILLS THE
RULING REPTILES

< Experimental body
Opabinia is an example
of an experimental body
plan from the Burgess
Shale. This creature

is not related to any
animal alive today, and
some experts regard it
as a failed body-plan
experiment that

soon died out.

animals — flatworms, molluscs, and
arthropods included — had evolved. But
other, less familiar, types evolved alongside
them. Some fossils suggest the existence of
animals very unlike anything alive today,
and many scientists have described this
period as a time of experimentation in
body shaping. Many of these ancient

types disappeared without leaving lasting

SOME 15-20 BURGESS SPECIES CANNOT BE
ALLIED WITH ANY KNOWN GROUP. MACGNIFY
SOME OF THEM... AND YOU ARE ON THE SET
OF A SCIENCE-FICTION FILM.

44

descendants, but others went on to fill
the planet with animal life.

b T

z Art}aopads‘

owing
anemone

U-shaped
burrow

Vertical
_ 'worm burrows .

Arange of worms
and anemones held
out tendrils or felt
with a proboscis
for food

Later in the Cambrian (529 mya), deposit-feeders subsisted on
the “rain” of detritus from plankton above. They included animals
with food-grabbing tentacles, including burrowers similar to the
fanworms of today, and a diversity of trilobite-like arthropods,
which left different types of tracks as they patrolled the sea bed.

ANIMAL LIFE EXPLODES

—_———
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Stephen Jay Gould, palaeontologist and evolutionary biologist, 1941-2002

Wonderful Life: The Burgess Shale and the Nature of History

Anomalocaris reached nearly
Im (3%4ft) long and was the
community’s top predator

Sponges

Sediment filled with traces left
: - byburrowing and foraging
- i movements of wormlike animals

Fan-shaped
trace made
by aworm

With the Cambrian Explosion in full flow (520-505 mya),
new lifestyles and experimental body plans really

took off. Unique animals such as Anomalocaris,

Wiwaxia, and Hallucigenia evolved, but left no

successful descendants.
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ANIMALS GAIN
A BACKBONE

Backboned animals — from fish to mammals — have a history stretching
back to small larva-like filter-feeders emerging in the evolutionary
explosion of the Cambrian period. The internal skeleton they evolved

V Step by step
Fossils show that the
evolution of a spine
happened during the
Cambrian period,
541-485 myA. The
story began with a
back stiffened by a
notochord (a rubbery
rod) and passed
through stages where
vertebrae were made
first from cartilage
then mineralized as
atrue backbone.

Gill slit — used
for filter feeding

went on to support animal bodies far larger than was possible before.

Vertebrates (animals with a spine, or
vertebral column) emerged from small
muscular swimmers in the Cambrian seas,
before 500 mya. They had a rubbery rod — a
notochord — running through the back of a
tapering body and blocks of flexing muscle
that curved the rod from side to side. Fish
use the same technique to swim today — but
in most, the rod grows only in the embryo
and 1s replaced with a harder backbone by
adulthood. The Cambrian rod-backs were
modest filter-feeders, but a backbone gave
their descendants dramatically new

ways to live their lives.

CARTILAGINOUS BEGINNINGS
The earliest elements of a skeleton were
made from cartilage: tough, but flexible,
tissue packed with collagen. Cartilage
grew in the head of the first fish, such as
Haikouichthys, and protected the brain and
supported arches between their gill slits.
In later animals, cartilage grew over the
notochord and protected the spinal cord too,
becoming the first true vertebral column.
The column allowed stronger swimming,
while fins — with cartilaginous supports of
their own — improved control and stability.
Bodies with supporting cartilage could
get bigger and more agile — but demanded
more food and oxygen, too. The earliest fish
got both by straining water through their
gills — but feeding functions were later taken

Notochord — a stiff

Nerve chord supportive rod

Brain
/|
o ——

Chordate — a proto-fish with only a notochord

over by the mouth and throat,
leaving the gills free to become
better at extracting oxygen.

This happened in bottom-living,
armoured, jawless fish called
ostracoderms, which used throat
muscles to suck food in from mud. But
ostracoderms were also pioneers for another
reason: they had the first bone.

BONY BODIES

Bone has its collagen hardened with at least
70 per cent mineral. It may have evolved

as a reservoir for the extra calcium and
phosphate needed to trigger fast-acting
muscles and nerves. But it had obvious
mechanical benefits, too. Ostracoderms
(“ostrakon”, shell; “derma”, skin) used bone as
outer armour, packed with so much mineral
it excluded living cells. Later fish permeated
their bone with life-supporting microscopic
channels, meaning it could grow from
within to make an internal skeleton. Most
vertebrates alive today have a bony skeleton,
with cartilage largely around joints. A few —
such as sharks and rays — reverted to a more
lightweight cartilaginous skeleton, but bony
fish diversified more, counteracting their
heavier bone with a buoyant gas-filled swim
bladder. And a bony skeleton was critical
for the evolution of the land vertebrates

that followed. Only giant bones could bear
the weight of the biggest dinosaurs.

Cartilage gill arch stiffens
gill, helping to hold it open

Cranium for feeding

(braincase)
of cartilage

Cranium, or braincase, surrounds the
brain. In early vertebrates, this formed
an open-topped cage, but this later
closed over, giving better protection

—
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Mandible is actually a former
set of gill arches, reshaped by
evolution into a jaw

N

Craniate — protofish with
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Gill arches are elements of the
skeleton between the gill slits that
support feathery gills, holding them
open to absorb oxygen from the water

GREAT WHITE SHARK

Vertebrae made of cartilage, Notochord still
making a chain called a present in some

. vertebral column, or spine early fish
Bony plates covering

head —fish first evolved
bone as external armour

Cartilage
gillarch

Vertebrate — a jawless fish with cartilage
internal skeleton and bony armour

Rods of cartilage support the
dorsal fin. They grow under
the skin as part of the dermal
(skin) skeleton, unconnected
to the internal skeleton

220MYA | FIRST MAMMALS 66 MYA | ASTEROIDKILLS THE
AND DINOSAURS RULING REPTILES

< Modern vertebrate

A body reinforced by an internal jointed skeleton has
enormous evolutionary promise. The great white shark is
a highpoint of this potential: one of the most formidable
top predators in the world today. Its skeletal elements are
made from cartilage reinforced with mineral deposits.
Sharks share the main skeletal elements of most other
living vertebrates, except that they lack ribs.

Vertebrae surround and protect
the spinal chord. They make up the
vertebral column, or spine

The pectoral fins’ skeleton is part of the
internal skeleton. Later, this allowed other
vertebrates to adapt these and the rear
paired fins into limbs and to invade land
(see pp.140-41)

Backbone made of

vertebrae turned to bone Swim bladder — added because

N Cranium by adding calcium minerals it gives fish the buoyancy it
First gill arch made needs in the presence of its
transformed into of bone heavy, mineralized skeleton

primitive hinged jaws

Gill now used for
extracting oxgygen
from the water

Vertebrate — fish with bony internal skeleton
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Myllokunmingia and
Haikouichthys, larvalike,
jawless animals with notocord
and cranium but no spine,

are preserved in what is now
China as the earliest known
fossil fish, 530 MYA.

Bonelike tissue is fossilized
for the first time, in the form of
dentinein fish scales, 510 MYA.

Conodonts — mysterious
wormlike creatures thought
to be primitive vertebrates —
leave abundant toothlike
fossils, 530 MYA.

Metaspriggina, a larvalike jawless

fish with possible rudiments of
vertebral column, is preserved in
Canada’s Burgess Shale, 505 MYA.

TIMELINES

RISE OF THE
VERTEBRATES

Backboned animals span only one-eighth

of the entire evolutionary history of life, but
include some of the most remarkable of its
products —including, of course, humans.

The first 100 million years of vertebrate evolution is justifiably
described as the “Age of Fish”. During this time, these animals
evolved the key innovations that made vertebrates so successful

— an internal skeleton, biting jaws, and complex organs of sight,
hearing, and taste. Some vertebrates that followed used these
adaptations to be successful on land. Their strong internal skeleton
supported their weight; strongly jointed, bony fins became walking
limbs; buoyant gas bladders became lungs; and an outer skin,

in some, evolved feathers and fur.

Whole body of an ostracoderm,
abony-armoured, jawless fish that
uses gills for breathing, is fossilized for
the first time, 465 myA. Until now, gills
were used for filter feeding.

Lampreys and hagfishes,
the only jawless fish living
today, evolve 482 Mva,
according to modern
DNA evidence.

First possible vertebrae
~—fossilized 438 mya —
t ¢ cartilaginous ones in
: @————— thefish Jamoytius.

First trace on land is left

by a vertebrate 395 mva:
track marks of an unknown
tetrapod (limbed vertebrate).
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Megazostrodon

Ichthyosaur
is fossilized
248 MYA.

Archaeopteryx

First human
(member of the
genus Homo) leaves
fossils 2.8 MYA.

3
)
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Earliest known ape, Rukwapithecus,
is fossilized 25 MyA.
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Neck joint between the
shield-like bones of the thorax
and skull was not a true neck, but,
unusually in fishes, it was flexible

2.4BYA | OXYGEN 936 MYA | ESTIMATED ORIGIN OF
FILLS THEAIR A S
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Jaw muscles pulled the head back V Terror of the Devonian seas

here, aided by the flexible joint at Dunkleosteus was among the first predators

the back of the head, to help open t tch fast . ith S

up the jaws for a wider bite. o catch fast-moving prey with snapping jaws.
Studies of its fossilized skull suggest it could
have had one of the strongest bites in the
history of vertebrate life.

Jagged edge of jaw
bone could slice
through prey — 100
million years before
sharks evolved their
bladed teeth

™
. Joint connecting upperand
lower jaws was powered by
strong, fast-acting muscles
to pull the jaws closed and
give a formidable bite

_ aplate
of bone that anchored muscles
that pulled on the lower jaw to
rapidly open the mouth
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JAWS CREATE
TOP PREDATORS

220MYA | FIRSTMAMMALS

Predators have been a part of the natural world ever since organisms
evolved the ability to eat one another. However, backboned animals
started as filter-feeders that sucked mud from the ocean floor. It was not
until they evolved jaws that they could sit at the top of long food chains.

Many invertebrates — such as predatory
worms, sea scorpions, and centipedes —
have evolved sharp-edged jaws that can
grab prey. But vertebrates, using cartilage
and bone, made their jaws bigger and more
muscular. The first jawed vertebrates did
so through an evolutionary rearrangement
of the arches that support the gills. Over
generations, the front arches were shifted
forwards into the roof and floor of the
mouth and met towards the back of the
skull, forming a hinged joint.

SUPER-PREDATORS

Reshaping the gill arches into moveable jaws
may have helped to fill the gills with more
oxygen, but the development of stronger
muscles allowed the jaws to bite, too. This
helped fish both to catch prey and also

to kill and dismember it. Natural selection
would have favoured the evolution of bigger
fish with more powerful jaws — opening up
more ambitious avenues of predation.

The carliest-known jawed vertebrates
were placoderms: mostly armour-plated fish
that flourished during the Devonian period
(419-359 Mya). One of the largest known was
Dunkleosteus, whose fossil remains are found

¥ Top of the food chain

The evolution of bigger jawed vertebrates broadened
the size range of their potential prey —to include
other smaller predators. As aresult, food chains
lengthened. In this food chain, arrows show the
flow of energy from prey to predator.

TOP PREDATOR
Dunkleosteus

throughout the world — evidence of its
success. Growing twice the length of a car,
Dunkleosteus was the biggest predator of its
time — and its jaws could easily puncture the
armour of its contemporaries. Its size and

6o

AND DINOSAURS

vertebrates — notably the sharks —had
evolved in the meantime, and they survived.
Although their jaws were built from flexible
cartilage, they had blade-edged teeth that
could be serially replaced — something

66 MYA | ASTEROIDKILLS THE

RULING REPTILES

THE VERTEBRATES THAT CAME STORMING THROUGH ..
SWEEPING MOST OF THE [JAWLESS FISH] ASIDE DURING
THE DEVONIAN, WERE THE ONES WITH JAWS.

99

strength meant that it could prey on
bigger animals, including other predators.
Devonian oceans had an extra link to
their food chains: a top predator.

DIETARY DIVERSITY

Despite their apparent supremacy, the
placoderms did not last. They disappeared
in the Late Devonian mass extinction — an
event that was probably triggered by a drop
in oxygen levels. But other jawed

PREDATOR
Cladoselache shark

PREDATOR
Ammonite

JAWS CREATE TOP PREDATORS ’ 135

PREDATOR
Mimipiscis fish

Colin Tudge, biologist and writer, 1943—

that placoderms probably could never do.
But it was bony vertebrates that took jaws and
their especially hard, enamel-coated teeth to
a new level. Crocodiles, dinosaurs, and
mammals developed deeply-rooted teeth that
could better resist struggling prey. Dentition
was also modified in animals lower in the
food chain. Grazing mammals developed
grinding teeth, and their biting jaws became
chewing jaws — extending the ecological
range of vertebrates more than ever.
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Animal plankton

PRODUCERS

DEPOSIT FEEDER
Trilobite

Plantlike plankton
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Plant pores

A scanning electron micrograph (SEM) of a
pine leaf clearly shows rows of stomata. These
open and close, allowing the plant to control
the passage of gases — a useful adaptation to
life on land.
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| PLANTS MOVE

ONTO LAND

Vegetation grew in water long before it
invaded the land. Algae had evolved broad
fronds that intercepted the Sun’s light
energy and a “holdfast” that stuck the

body to rock. These seaweeds still live in
the ocean today. Many survive periodic
exposure at low tide, but they are too flimsy
to last long on dry land.

WATERPROOFING THE LEAVES

Water screens out some of the Sun’s energy.
On land, although plants bask in stronger
radiation, they risk drying out. Land plants

66

The first sign that the land was turning green probably came when algae
crept above the tidal zone along ocean shores. However, the move to
permanently drier environments further inland required plants with
roots anchored in soil, and shoots that could grow upright in dry air.

because of the evolution of a complex
substance called lignin. By coating
their microscopic transport vessels,
lignin helped to form water-tight tubes
that could deliver water and minerals
up the stem. Lignified vessels were also
physically strong, so these new plants
grew and branched vertically. Tough
vessels also grew downwards as stronger,
branching roots penetrated the soil to
anchor the weight and absorb dissolved
minerals. Many of these taller plants
were already better suited to life on

THE FIRST ZOOLOGICAL LANDFALL WAS CONTINGENT
ON THE GREENING OF THE TERRESTRIAL LANDSCAPE BY
PLANT LIFE.. WHICH WAS.. MORE AN INVASION OF AIR.

44

evolved a waxy waterproof coating on
their epidermis — the surface “skin” of cells.
Pores in the epidermis called stomata
helped to keep gases moving for processes
such as photosynthesis (see pp.114-15) and
respiration. The earliest land plants, like
the mosses and liverworts of today, could
only hug the land with creeping stems.
They clung there with rhizoids —
microscopic hairs that scarcely penetrated
the ground to function as primitive roots.

STANDING TALL

Strength is required to stand upright. Plant
cells are surrounded by a scaffolding of
tough fibrous cellulose, and the thickening
of this wall in places helps stems bear some
weight. Although mosses can do this, they
can rise no more than a few centimetres.
Other plants managed to grow taller

PLANTS MOVEONTO LAND | 137

Karl Niklas, professor of plant science, 1945—

land by producing seeds. But thickened
lignified tissue, called wood, helped

trunks get thicker and trees became
taller still.

<« Rigid stem

A cross-section

of a fossilized plant
(Rhynia gwynne-
vaughanii) from the
Devonian period
about 410 MYA reveals
water-tight tubes
that conducted water
and nutrients.
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Few organisms leave any kind of fossilized trace, but in some locations
conditions have preserved extraordinary snapshots of entire communities.
Their wonderful fossils — rich in species and finely detailed — offer rare
insights into the ways groups of animals and plants lived and died.

Rugose coral was as solitary
horn-shaped extinct relative
of the corals that live today

Clam was a
free-swimming
filter-feeder

Wenlock Edge — an outcrop of limestone on
the Welsh-English border — holds an example
of such a fossil assemblage, or Lagerstitte.
It is packed with animals of a tropical reef
from more than 420 MYA. At this time, the
site straddled the coastline of the ancient
Tapetus Ocean, where many of Earth’s
animals had evolved. The fossils show that
corals, sponges, trilobites, and brachiopods
flourished in the warm shallows.
Lagerstatten form under certain
conditions that favour preservation. The
Wenlock assemblage includes hard-shelled
animals that have been broken or uprooted —
suggesting that crashing waves left debris
in mud at the bottom of a slope. It means a

single Wenlock slab could contain animals

Bird complete with fossilized feathers

like today’s
scallops

from scattered localities. Other Lagerstatten
may preserve communities intact. The
Burgess Shale in the Canadian Rockies has
soft-body impressions of animals that were
smothered in mudslides 508 Mya. Although
their orientation is chaotic, the postures
suggest they were killed instantly. But not all
Lagerstatten result from violent slaughter.
North America’s Green River formation
comprises 50 million-year-old sediments left
in lake basins that contain fish, leaves, insects,
and even small birds complete with feathers.
The oxygen-poor conditions in the lakebed
muds slowed bacterial decomposition and
allowed fragile parts to fossilize intact. The
same process happened in Germany’s
Messel lake at a similar time.

' ldentifying extinct animals -%
12 b
An abundance of fossils from the same age not only :
helps to reconstruct the interacting lives of prehistoric
animals, but helps to resolve their diversity too. Species
are described on the basis of specimens — but fossil
specimens are frequently incomplete. When so many
individuals are preserved together, biologists have
a better, more representative, view of anatomy — helping

them to divide one species from another.

<4 Messel lake pit
The site of Messel, Germany,
shows very fine preservation
of a community living 47 myA.
Its special conditions included
poisonous gas emanating from the
lake, which not only killed animals
instantly, but also ensured no living
scavengers ate the fallen remains
before they were mineralized.

A piece of colonial coral has
been ripped from its position
on the reef, like many other

Frog, including an outline of soft body parts attached Wenlock animals
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Fenestella, of which this is just a fragment,
was a fan-shaped colony of tiny filter-feeding
animals called bryozoans

Crinoids, or feather stars

(relatives of starfish), have How was the community suddenly buried?
left many broken fragments
of their branched arms

Scientists studying taphonomy — the history of
a fossil — note that this slab has an abundance of
lightweight animals — such as brachiopods, crinoids,
and bryozoans, but most of their shells and cases
are broken. Taphonomists believe wave-smashed
fragments of the living reef were washed away on
currents and collected in calmer spots, where their
remains were buried. Other Wenlock fossils show
trilobites that are partially enrolled — suggesting :
that they were buried alive. Trilobite in defensive
rolled posture

Top part of a cystoid — an
extinct relative of starfish

Where did the animals live? -

This slab shows a death assemblage,

meaning it includes animals that died together.
Palaeoecologists (scientists who study ancient
ecology) need further fossils to build a picture of
where the organisms lived. From remains of the
animals fossilized as in life, they have found that
on the ancient reef, harder-shelled brachiopods —
more resistant to wave action — lived higher on
the shoreline, whereas free-swimming animals
lived in deeper waters.

Brachiopods had two shells connected
by a hinge, just like a clam, but they are
not related to clams

Supporting stems of crinoids were
easily broken by strong currents and
are abundant in some limestone rocks

’ Restoring the past ;

To reconstruct prehistoric life-forms,
palaeontologists use all the fossil evidence
to put forward a hypothesis about

how they looked and behaved, although
they can never be certain about their
conclusions. The Wenlock fauna consisted
of attached animals — such as crinoids and
honeycomb corals — that formed a reef
habitat, which also contained bottom-
feeding trilobites and predatory
Orthoceras — a shelled relative of squid.

Restoration of Orthoceras in Ordovician seas

Brachiopod with both

shells open in death Brachiopod

WENLOCK LIMESTONE ‘ 139



4.1BYA | FRSTTRACE
OF POSSIBLE LIFE

ANIMALS

2.4BYA | OXYGEN
FILLS THEAIR

25 O

INVADE LAND

For billions of years, much of life was confined to oceans, lakes,
and rivers. Such an ancient aquatic heritage meant that the first
complex organisms also lived only in water. Dry land offered so
many new opportunities that terrestrial colonization happened

not just once, but many times.

It is likely that the first microbes were
invading land within a billion years of life’s
origin. For these bacteria, the wet coastal
rocks and moist sediments where oceans
lapped the shore were a natural extension of
their range. As erosion and detritus formed
the first soil over 3 ByA, bacteria began to
live between its particles. The earliest
burrowing organisms would have churned
coastal sediment and added more organic
material that served as food for fungi and
other decomposers. Soils were becoming
so enriched, that by 470 Mmya, land was
becoming an inviting place for plants, too.

66

LIVING ON LAND

Above ground, colonization was
less straightforward. All living cells,
whether of single- or multicellular
organisms, must be surrounded by
moisture. Land plants survived by evolving
a thick, waxy outer layer (cuticle) that

both retained water and let gases in

and out (see pp.136-37).

The first land animals had a cuticle,
too, that served the same water-retaining
function, but there were other challenges
to overcome 1n just getting around. In the
Cambrian period (541-485 MyA), marine

THE TETRAPODS, WITH THEIR LIMBS AND FINGERS AND TOES,
INCLUDE OURSELVES AS HUMANS, SO THAT THIS DISTANT
DEVONIAN EVENT IS PROFOUNDLY SIGNIFICANT FOR
HUMANS AS WELL AS FOR THE PLANET

44

Track between the
footprints suggests
the creature dragged
its abdomen

Jennifer Clack, palacontologist, 1947-2020

Gaining Ground: the Origin and Evolution of Tetrapods

Small, thin prints
suggest at least
eight pairs of legs

<« Life’s first steps

These fossilized marks made in sand
dunes in the early Cambrian period,

530 MyA, represent the oldest trace of
animals on land that we have discovered.
They were made by an arthropod that
divided its time between land and sea.
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<« First air-breather

This modern millipede has
armoured segments similar
to those of Pneumodesmus,
a millipede that lived

428 MYA. Pneumodesmus
is the earliest body fossil
of an animal known to
walk on land and breathe
air. Fragments of its
exoskeleton show that

it had spiracles, or
breathing holes.

animals had evolved into some gigantic
forms, but size was a liability on land. A
body is buoyed in water, effectively weighing
less, but on land, the same animal may be
too heavy to move. Early land animals
needed stronger muscles and supporting
skeletons, and compensated for this extra
baggage by getting smaller. At first,
wormlike land animals probably survived
underground or in rocky crevices, where,
in moist microhabitats, these small animals
might have used their skin to breathe air.
The early terrestrial colonists also
included jointed-limbed arthropods.
Prehistoric arthropods, relatives of today’s
crabs and spiders, were already thriving in
the oceans. Their jointed limbs and armour
gave them the potential to succeed on land.
Fossil and DNA evidence indicates that
millipedes and centipedes were part of the
first big wave of land colonists, possibly more
than 500 MmyA. Their articulated, armoured
bodies helped them crawl over land without
dehydrating and they evolved breathing
holes in this armour, called spiracles, and
got oxygen straight from the air. Millipedes
would have been among the first grazers of
land plants and centipedes the first predators
of the terrestrial ecosystem.

FILLING THE FORESTS

Fossil evidence shows that by 380 Mya, the
land was already supporting its first trees. By
the beginning of the Carboniferous period
(359 Mmya), Earth was home to rich, swampy
forests teeming with life. Plants could grow
taller because of the evolution of tougher
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supporting materials, such as woody lignin.
Forests gave height to the land ecosystems —
providing new niches for tree-climbing

and flying animals. In particular, they
encouraged the biggest radiation of land
animals of them all: the insects. The
evolution of life on land was producing
entirely new kinds of animals with new
ecological interactions: web-spinning
predatory spiders, browsing insects, and
grazing snails. In terms of diversity and
abundance, the organisms roaming the
land were rivalling anything swimming

in the water of the oceans.

OUR ANCESTORS REACH LAND
When invertebrate life conquered land,
vertebrates were still confined to water
habitats. As with invertebrates, when
vertebrates started to move on to land
395-375 mya during the Devonian
period, their bodies needed to change.
Fishes use their paired fins for stabilizing
their swimming and although a few use
them secondarily to “walk” on the sea bed,
for most of them, fins are not strong enough
to fashion into legs. One group, however —
the “lobe-fins” — had an advantage. A few,

TIKTAALIK ROSAE LIVED
375 myA; THE FIRST FOSSILS
WERE DISCOVERED IN 2004 IN
THE CANADIAN ARCTIC

such as lungfishes and coclacanths, are still
alive today, but in the Devonian, there were
many different forms. They differed from all
other fishes in having a stronger bony support
for each of their paired fins. Their flexible
joints allowed these fins to be used to walk
under water and later helped them emerge
from the water and crawl across land.
Lobe-finned fishes may have done this in
times of drought, just as lungfishes do today.
As lobe-fins wandered further ashore, their
fins evolved into limbs with fingers and toes.

Fishes had other features that prepared
them for a terrestrial life. Most species have
a gas-filled bag — the swim bladder — used
for controlling buoyancy. Modifications of
this swim bladder in some modern fishes
mean that the sac can communicate directly
with air, helping the fish to breathe and
supplement the supply of oxygen it extracts
from the water with its gills. In carly

220MYA | FIRSTMAMMALS 66 MYA | ASTEROIDKILLS THE
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A Transitional fossil
Tiktaalik rosae is an
evolutionary wonder.
Although it resembled
afish, its neck was
more flexible than that
of true fishes and its
fins, although small,
had strong joints that
may have supported
its weight on land.

lobe-fins, this new kind of breathing mammals, as well as modern amphibians.

mechanism, later powered by chest An astonishingly complete fossil record
muscles such as the diaphragm, evolved documents the transition from fish to
to become the first air-breathing lungs. tetrapod, via intermediate forms
The first vertebrates with lungs are often  sometimes called “fishapods”.
called amphibians, but these long-extinct The four-legged, air-breathing plan
creatures are only distantly related to was a major evolutionary step. Although
today’s frogs and newts. They were the some legs have since been lost or turned
first four-legged vertebrates, or “tetrapods”,  to arms or wings, it is the basis for most

and ancestors of all reptiles, birds, and land-based vertebrates today.

0

<« Finsto limbs

Dozens of fossilized
species show the
evolution of fishes to
four-legged amphibians.
Over time, the same
bones mould into
different shapes,

and afew are

lost altogether.

Lobe-fin fish
Sauripterus

Lobe-fin fish
Eusthenopteron

“Fishapod”
Tiktaalik

Ulna and radius, once
differing in shape,
now grow together
as arm bones

Digit number has reduced
to five —a plan inherited
by all later tetrapods

Radial bones have now developed
into finger bones, but the number
of digits ranged from five to eight

KEY

Humerus
Radius

Ulna

Ulnare
Intermedium
Radials

Bones missing from
the fossil record

Later tetrapod
Tulerpeton

Later tetrapod
Proterogyrinus

Early tetrapod
Acanthostega
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REINVENTING
THE WING

Often, the similarities seen in life are the result of

a common ancestor, but not always. For instance,
flapping wings required for flight evolved independently
in at least four groups of animals at separate points

in time, allowing them to take to the air.

Organisms evolve adaptations that make
them better suited to their lifestyles.
Sometimes, natural selection can produce

apart, both ichthyosaurs and dolphins
needed to be fast swimmers in order to

range of species. Mammals
later evolved one of the
escape predators and catch fast prey, and more specialized groups of

the same innovation in separate, unrelated therefore evolved flippers. flying animals — bats — most
of which take to the air at

night and use sonar, or

groups. This is convergent evolution.
EVOLVING FLIGHT
SHARING CHARACTERISTICS Insects were the first animals to fly, and they
All plants that produce seeds share a
common ancestor — in the same way
that the stingers of jellyfish and coral are

related too. But sometimes, natural

echolocation, to navigate
are the only fliers to evolve wings that were and hunt in darkness.
not commandeered from existing limbs.

Vertebrates became fliers by refashioning

their existing limbs. Their forelimbs and

selection can produce a similar adaptation

hands, over time, evolved into different firstwarm-blog

k\ i .
@t pility to turn th,. - 9N
W 05 a_b‘ﬂ tyfotu _ 'he/rl,w,7 A

in unrelated groups — such as the flippers  types of wings. Pterosaurs probably

«O° o £
of swimming ichthyosaurs (reptiles) and achieved this first and became the most Q’:’\\o““_s‘-' -fffOfoo’?q
dolphins (mammals). well-known of the reptilian fliers, before y .

When different forms of life, living in
separate environments or even time periods,
share an anatomical or behavioural
similarity, it is often because they live in
similar environments that demand certain
adaptations. Despite living millions of years

becoming extinct along with the dinosaurs.
Birds evolved from bipedal dinosaurs and
fared better. They survived the same '
extinction event, possibly due to their
warm-bloodedness, to thrive alongside
mammals and diversify into a wide

‘:’9 ?’7”773/ ex
Yr,, 'S to have mast

SMerely o
ely glide- Oldest-known flying insect, a
mayfly or stonefly, is fossilized

. . in North America, 314 Mva
V¥ Taking to the skies

The history of flying animals spans hundreds of millions
of years of evolution. At four separate points in time, a
different group of animals evolved powered flight.
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Stretched
wing membrane < Anatomy of a wing

i!} attaches to body The wings of a
s "'"-i\ h?t?\gdi it pterosaur, bird, and bat
\ \L ¢ each use bones of the

arm and hand, but

evolution has moulded
the bones differently

in each case. The shape

’ Pterosaur wings were relatively rudimentary compared of pterosaur and bat
" to a bird’s or a bat’s. Wing membranes were supported i
= .". et \ g PP wings depends on how
X IAN LT ..‘3‘ 7~z mainly by a single finger. Pterosaurs did not have the the bones hold out the
I I A Sy S =y ‘ i i i :
4",,‘.;"‘_'.__!-. musculature for coordinated flight, and probably relied flight membrane, made
Sy, o : \ on soaring on air drafts to get around. of skin. A bird’s flight
LI e oo s 7 L — 3 N ' \ surface is made of
-}.,‘Ef——sv " @, ‘ \ feathers and its shape

Shortened, fused
finger bones

—f depends on the form

of its feathers.

\ KEY
[ Humerus

[0 Radius and ulna
B Wrist bones
" Fingerbones
0 Thumb bones

N

Long feathers

Birds have shorter arm and finger bones that bring the
wing under better control. More powerful muscles also
mean that the wing, equipped with long flight feathers,
can be flapped at wider angles, providing birds with
stronger flight than pterosaurs.

Thumb-bone _]_ Long f
free of wing ong fingers
\ support wing
L, - ) \\[embrane
. - " (4 ;{\“’a\l Ao \ \ \\
————— — Yy
- - e [OLRINPAN
Insecy wings, like those of a mode™ Ci;"::’o‘e o ] \

a . oere
Peak jn atmospheric oxygen trigee’

A How did wings evolve?
The earliest proto-wings were flaps on insects’ bodies
that previously served as gills, or as oars allowing them

to skim over water. Climbing insects may have used Bats have more finger bones than other flying
them to parachute through air before evolving flapping vertebrates. Their wings are supported by four
wings, which gave them better aerial control. Pterosaurs, fingers. This makes their shape more flexible than
birds, and finally bats became airborne not by growing the wings of birds, helping them move in ways that
new appendages, but by adapting existing ones. improve manoeuvrability and save energy.
Oldest modern bird, Lithornis, the oldest known ratite (a type of
Vegavis, is fossilized flightless bird including kiwis and ostriches)
in Antarctica, 66 MYA is fossilized in North America, 57 MyA
0 O
@)
Oldest known bird, At the end of their reign,
'e; Oldest known pterosaur, Archaeopteryx, 68—66 MYA, some pterosaurs
Faxinalipterus, is fossilized is fossilized in reach enormous sizes, with some Oldest known bats are fossilized
in Brazil, 220 mya Germany, 150 Mya exceeding 10m (33ft) in wingspan 56 MYA: Archaeonycteris in Portugal

and Marnenycteris in France

200 myA 100 MyA
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THE COMPLETELY PROTECTED
EMBRYO WITHIN THE SEED

GIVES.. AGREAT ADVANTAGE. 9

Douglas Houghton Campbell, American botanist, 1859-1953

The presence of fossilized
seeds indicates that the tree
had been pollinated and so
successfully fertilized

Woody cone has
turned to stone
during fossilization ______
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< Monkey puzzle

This fossilized cone is 160 million years old but
is remarkably similar to the cones produced by
trees today. This species, Araucaria araucana,
is known as the monkey puzzle and still
thrives in Argentina and Chile.

Scales in the cone are
modified leaves that
protect the seed

380MYA% FIRST TREES
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THE FIRST SEEDS

About 370 million years ago, a new kind of plant evolved. It produced
seeds, which are the ultimate embryo survival kit — packed with nutrients
and enveloped in a protective casing. Seeds would shape the history of
life and play a key part in our own prehistory.

The first algae-like plants completed their
entire life cycle — alternating between spores
and gametes (eggs or sperm) — under water.
As their descendants, mosses and ferns,
crept further inland, more resilient spores
could be dispersed into the air. However,
their sperm still needed water droplets to
swim to the egg: no matter how much their
deep roots and tough leaves helped them
survive droughts, plants still needed periodic
rainfall in order to reproduce.

A new kind of plant broke this restrictive
link with water by relocating its fertilization
into reproductive shoots away from the
ground. Female shoots retained their spores,

MEDULLOSA - A PRIMITIVE
SEED PLANT THAT LIVED
350-250 mya — HAD SEEDS THE
SIZE OF CHICKEN EGGS

which grew into eggs. Spores from male
shoots became pollen grains that were
blown inland to land on female shoots.

In the most primitive seed plants, sperm
then burst from the pollen grains and swam
through the shoot to the egg — something
still seen in cycads of today. But in most seed
plants, sperm became redundant. Instead,
cach pollen grain sprouted a tiny thread —

a pollen tube — that conveyed a naked male

Ovule

cell nucleus straight to the egg, dispensing
with swimming altogether. Pollen allowed
plants to spread further inland than their
water-reliant relatives. What is more, these
plants completed their break from water by
keeping embryos of their next generation
in drought-resistant cases — seeds.

HOW SEEDS WORK

Eggs develop inside a thin-walled sac called
an ovule. After pollen fertilizes an ovule, its
walls thicken, and it becomes a seed. At first,
ovules grew exposed on foliage or the scales
of cones — reproductive shoots composed of
hard scales connected at their base, just like
the cones produced by cycads and conifers
today. Eventually, most seed plants buried
their ovules deeper inside the shoot, beneath
a flower (see pp.160—61). When these ovules
turn into seeds, the succulent tissue around
them becomes fruit. Seed plants had now
evolved a method of enticing animals, a
different form of complex life, to become
part of their life strategy (see pp.164—65).

SEEDS, THEIR SUCCESS, AND US

The pollen method of fertilization and the
seed method of dispersal have both been

so successful that seed plants now form

the basis of all land-based ecosystems and
food webs worldwide, including those with
humans at the top. Non-seed plants — mosses,
ferns, and liverworts — athough widespread,
no longer dominate any land habitats.

<« Primitive seed plants
The first seed plants
are called seed ferns,

Primitive g;‘;:f“ A . because of the shape
fruiting £ v L § N of their leaves, although
structure 5;;-.% 5&;,3& Ovule &) LJ:' "Qf% they are unrelated to
B = a i j | the ferns we know today.
ﬁ:f‘i"‘* e fﬁ.“"kﬁh @:’r Cupule They grew their ovules
4 . Capitulum i ini in packages attached
At hOEﬁnngUf \\;g_)"a"" ‘:sci’:gtfcelrECElz to Er)he Ieagves. Cones
ovules and flowers eventually
evolved in later types
PLUMSTEDIA LIDGETTONIA DENKANIA of plants.
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V Life in a shell

Prehistoric reptiles — including dinosaurs — were
pioneers of the shelled egg. The embryo could
develop inside, safe from dehydration. Its parents
may have guarded the egg from predators, just
like many reptiles and birds do today.

The expansive allantois
absorbs oxygen that seeps
through the shell from the
egg’s surroundings and
releases carbon dioxide

The shell is composed of a chalky material
based on calcium carbonate that is hard

enough to withstand damage, permeable to White shell membranes conceal the
allow the exchange of respiratory gases, chorion — a transparent embryonic
and sufficiently brittle so the infant can membrane that completely encloses the
break free upon hatching embryo, amnion, yolk sac, and allantois

Some blood vessels in the allantois carry
oxygen into the embryo; others take waste
carbon dioxide away from it. Nitrogen-

containing waste products also build up The embryo has already

in the allantois as deposits of uric acid. develgped all the major bOdY
parts it will need upon hatching
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The yolk sac is filled with
foods, such as protein and fat,
that nourish the developing
embryo; it shrinks as the
embryo grows bigger and
uses up its contents

/' The amnion is a thin transparent
membrane that encloses the
amniotic fluid, which surrounds
the embryo and cushions it from
physical harm

380MYA| FIRST TREES
AND FORESTS

220MYA

FIRSTMAMMALS
AND DINOSAURS

SHELLED EGGS

ARE BORN

The first backboned animals to live on land could walk, since they had
legs, and could breathe air. These early amphibians were still tied to

water, however, because they needed a wet place to breed. Reptiles broke

this link by producing hard-shelled eggs that could develop on dry land.

Backboned animals originated in water,
where fish and amphibians laid their soft
eggs encased in nothing but a protective
jelly coat. Reptiles not only evolved hard,
scaly water-proof skin as protection from
dehydration, but transformed their breeding
habits too. They covered their eggs in a shell
hard enough to protect and contain the
embryo on land, yet permeable enough

for it to breathe.

EMBRYO SURVIVALKIT
The shelled eggs produced by most reptiles
and all birds are amazing structures that
contain all their embryos need to develop.
Until the invention of these eggs, all living
embryos developed surrounded by fluid. To
reproduce those fluid conditions on land, it
was a small and manageable evolutionary
step to enclose the fluid within a membrane.
The membrane is called the amnion, giving
the first animals to possess it the name
“amniotes” as well as the more familiar
“reptiles”. Within the egg, the embryo
also has its own larder, the yolk sac, just as
fish and amphibians do. But it also has an
allantois — a waste-disposal pouch absent in
its ancestors. The yolk sac grows smaller and
the allantois enlarges as it absorbs oxygen
and accumulates waste products while the
embryo grows. A final membrane — the
chorion — serves to contain the entire
embryo “survival kit”.

By the time they hatch, reptiles are ready
to lead independent lives; on the other hand,
most bird chicks need parental care for a
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time. But, in both cases, hatchlings are
ready to eat and breathe as soon as they
emerge from the egg.

PREPARED FOR LAND

The shelled egg and its life-supporting
membranes enabled the amniotes to
complete their life cycle on land. They
mated on land and laid eggs in a dry nest.
A few living reptiles have abandoned their

egg-laying ways and give birth to live young.

THE EARLIEST ANIMAL
THOUGHT TO LAY SHELLED
ECGS IS PALEOTHYRIS, AN

AMNIOTE LIVING 330 mya

But one group of amniotes, the mammals,
turned live birth into a major asset. They
commandeered two membranes — the
allantois and chorion — into a placenta, which
draws oxygen and nourishment straight from
the mother’s blood. By nurturing the embryo
in the mother’s body, mammals improved
their offspring’s chances of survival beyond
those of their larvae-producing ancestors.

66 MYA | ASTEROIDKILLS THE

RULING REPTILES

< Land colonizer
Dimetrodon, a reptile
that lived 290-270 mva,
is an example of an early
amniote. Its ability to
lay eggs with a shell and
amnion allowed it to
colonize arid habitats
where water was not
readily available.
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» Coal formation
Coal began as
undecomposed matter
from dead trees. The
dead matter was
buried as new dead
material accumulated
on top, and it became
compacted under

high pressure. Over
millions of years of
increasing pressure
and temperature, the
material turned first
to the rock lignite, then
eventually to coal.

FIRST TRACE
OF POSSIBLE LIFE

2.4BYA

OXYCEN
FILLS THEAIR

HOW COAL

FORMED

The trees that formed Earth’s first forests were giant fernlike plants that
resisted decay. Their dead bodies built up, trapping carbon and energy
under ground. These were the coal forests — and 300 million years later,
their compacted remains would fuel an industrial revolution.

The Carboniferous period (359-299 Mya)
was a time when life on land prospered more
than ever before. Trees grew from mosslike
ancestors, insects took to the air in a world
already crawling with invertebrates, and
giant amphibians were evolving into reptiles.
This time in Earth’s history would have
huge implications for our own history.

THE FIRST FORESTS

For the first time, terrestrial life could live
in the trees, imbuing habitats with an extra
richness. The first big invasions of land
animals, involving millipedes, insects, and
arachnids, had already taken place, but now
these groups exploded into a multitude of
species, including predators, such as spiders,
scorpions, and centipedes. Carboniferous
trees could grow tall because they had
evolved a tough supporting material called
lignin that formed a protective layer. It
would also eventually become the carbon-

Prehistoric trees
and other plants
topple and die

Dead matter

in swampy soil
partially decays
to form peat

Pressure solidifies and compacts
layers of peatinto a rock called
lignite, which is combustible

y

As pressures and temperatures
rise, deposits lose water and gas,
concentrating their carbon levels

rich store of energy that formed coal. The
trees concentrated lignin in their tissues to
more than 10 times the quantity found in
today’s trees. This not only helped to deter
herbivores, but it also resisted decay, because
few microbes could digest it. As trees died,
their fallen trunks lingered. The lignin,
along with the carbon it contained, would
be converted to carbon dioxide (COg2) if it
decayed, but it sank into the swampy Earth,
locking away its chemical energy. As CO2
in the atmosphere diminished, oxygen
increased, since it would normally be
consumed by the same processes of
decomposition, which were now suppressed.
Oxygen built up in the air to become more
than one-third of it by volume. Today,
oxygen accounts for only one-fifth of the gas
in the atmosphere. The effects of such high
oxygen levels would have been bizarre.
Ignition would have happened more readily,
sparking wildfires. Animals that relied on

Pressure of

sediment layers Pressure
squeezes out of sediment
water and air layers builds

Rock is now coal, a more

combustible rock with
maximum carbon
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passive breathing through their skin or body
surface became enormous. The biggest
insects that ever lived evolved during the
Carboniferous, and amphibians grew to

the size of crocodiles.

THE ORIGINS OF COAL

Much of the bulk of the Carboniferous trees
sank intact beneath the swampy waters,
forming layer upon layer of a deposit called

LEPIDODENDRON
TREES GREW UP TO 40M
(130FT) TALL IN THE
CARBONIFEROUS PERIOD

peat. In the peat, oxygen was low and
acidity high, and instead of decomposing,
the carbon-rich remains built up. The peat
became compacted under its own weight,
squeezing out water and gases, turning first
into a form of rock called lignite, and finally
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4 Prehistoric energy
Layers of coal can be
seen clearly as dark
bands packed between
the rock at this coal
mine in the Lower Rhine
region, Germany.

to a harder, denser rock with an especially “
high concentration of carbon: coal.

Coal deposisar foundimrocks e COALL, OIL AND GAS ARE... FOSSIL FUELS, BECAUSE THEY ARE

date back to before the evolution of land

plants — and these probably came from MOSTLY MADE OF... FOSSIL REMAINS... THE CHEMICAL

algae. But coal deposits are especially

abundant from the Carboniferous ENERGY WITHIN THEM IS A KIND OF STORED SUNLIGHT
Do them o e ORIGINALLY ACCUMULATED BY ANCIENT PLANTS.

Human civilizations, perhaps as far back ,,

as 1000 BCE, recognized the potential of Carl Sagan, astronomer and science author, 1934-1996

using coal as fuel because of its resemblance

to charcoal. Both could be burned to release

a great deal of heat. The carbon that had (see pp.306—07) could tap deposits in seams ~ concerns for humanity. Energy is required

been locked away in coal for millions far below the surface. Since then, the for a growing population — however, burning

of years was finally released as demand for burning fossil fuels has fossils fuels has increased the amount of
released so much carbon greenhouse gases and contributed to global

dioxide in such a warming. Today’s civilization must deal with

carbon dioxide. The emergence
of large-scale mining
short amount of time  an environmental issue of its own making —

> Ingredient of coal that it is sparking and one that affects the entire world.

The fossilized trunk of the plant
Lepidodendron, an abundant
tree during the Carboniferous
period. Its tall trunk lacked true
bark but was thickened by a
layer of tough lignin.

Each diamond-shaped scar
marks the point where a leaf
has broken away from the trunk
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LIZARD IN AMIBER

Traces — or fossils — that have been left behind in the rocks and stones of
Earth are evidence that extinct species were not the same as those living
today. Scientists must turn detectives to work out how they once lived.

More than 99 per cent of species that the body, such as the skeleton, are most
have ever lived on Earth are now extinct. likely to be fossilized. Footprints, eggs, and
This means that what we know about the faeces can also be fossils. Under the right
history of life is critically dependent on conditions, the most delicate features, such
fossil evidence. as skin, feathers, leaves, or even single cells,
Fossils can form in different ways. If dead  can be fossilized. Some fossils can be found
organisms are buried quickly in sediment in amber, such as this lizard. Amber is the
before being eaten, they and the sediment solidified resin of trees that has hardened,

turn to rock. When continents shift position  and animals that get smothered and trapped
over millions of years, rocks that contain within it can be exquisitely preserved.
these fossils may buckle and rise — exposing Palacontologists must consider how
the fossils, as the surrounding rock is eroded.  a fossil formed when interpreting fossil

The fossilization process is never perfect,  evidence. Clues are studied from multiple
and preservation quality varies greatly. disciplines, such as geography and anatomy,
Older, soft-bodied species leave frailer traces  to assemble a picture of how different kinds
than younger, harder ones. Hard parts of of organisms lived in the past.

’ Botanical clue

Analysis of this Baltic amber shows
that it was produced by a species of
conifer, suggesting that Yantarogekko’s
habitat was coniferous forest. The

that, by this time, these conifer trees had
evolved resin (sticky droplets that seal
wounds and deter herbivores), perhaps
in response to a prehistoric species of

¥ How fossils form herbivore that fed on them.

It takes millions of years
for the bodies of living
organisms to fossilize.

Organic remains decay Coniferous forest, Poland

and harden.
Dead fish settles at the Layers of sediment Sediment layers compact
bottom of seabed settle over fish’s body and turn to rock

presence of the fossilized amber indicates

Story of the dead body D |

The study of taphonomy concerns
processes that change a dead animal’s
body as it decays or fossilizes. Tree resin
is organic too, so also decays. This lump
of resin fossilized well because it was
packed under sediment soon after
forming. As a result, Yantarogekko was
preserved perfectly, sealed away from
scavengers and erosion.

Prehistoric spider
also trapped in amber

Plate tectonics push
fossil to surface

F
Dead animals left uneaten will Buried under sediment, which Pressure from layers of sediment Discovery of the fossil may 5
decay. Left undisturbed the screens the fish from scavengers, and rock accumulates over occur when continental drift
fish’s scales settle and are minerals from the water filter millions of years and the organic pushes it to the surface, and
preserved as an outline of into the bones, causing them parts of the body are entirely erosion may start to wear away
its fossilized skeleton. to crystallize and harden. replaced by minerals. at the rock — exposing the fossil.
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Locating the habitat - Comparing anatomy -

The place where a fossil is found today The structure of a fossil’s body, or the traces the body leaves
may differ a great deal from its original behind, can be compared with those of related fossils and species
habitat. Forinstance, this amber- alive today. Only the head, front end of the body, and right
entombed lizard was found on the forelimb of this lizard are preserved in amber, yet this is enough
brackish Baltic Sea coastline. When this for palaeontologists to recognize it as a species of gecko.

lizard died 54 mva, its natural habitat may This specimen reveals well-developed toe

have been a forest furtherinland. The pads and lack of eyelids — features that 4

evidence suggests that a river washed are preserved in amber but would

lumps of amber from the warm coniferous be lostin a fossilized skeleton

forest downstream to the coast. preserved in rock. Banded gecko

Insects entombed
with Yantarogekko
may have been prey

v Ve,
,Jix,g.,___,.‘,ki.u

. Fixed, transparent scales
covering each eye, similar — - r
to modern gecko species .
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» Pangaea

The continents were merged into one over
Earth’s southern hemisphere between
300-175 mva. Inland, forests turned

to deserts, while diminished coastlines
drove many marine species to extinction.

Shallow seas encircled
the coastlines of Pangaea

Vast swathes of arid
land spread across
what would become
North America and
Europe during the
Permian period
(299-252 mya)

Where continents
merged, coastlines
disappeared — probably
resulting in the extinction
of marine life

Pangaea’s climate was
hot and dry, since land
in the centre would not
benefit from temperate
climatic effects normally
provided by nearby
oceans and seas

Glaciers had formed around the
South Pole during the Carboniferous
(359-299 MyA), but gradually receded
as the Permian (299-252 mva) got
warmer and drier
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THE LAND
DRIES OUT

After terrestrial life flourished in the swampy coal forests, a global
drought that lasted 50 million years changed the direction of life’s
evolution. As vegetation grew tougher leaves and swamps dried up,
some moist-skinned amphibians gave rise to the first scaly reptiles.

66 MYA | ASTEROIDKILLS THE

RULING REPTILES

Shores of the coastline basked in
a moist, tropical climate, and so
were probably among the last
refuges of the Carboniferous
swamp forests as the rest of
Pangaea dried out

Around 300 million years ago, all of Dimetrodon reached the size of a car, and

Earth’s landmasses collided to form a others became the first big herbivores.
single supercontinent called Pangaca. This  Later synapsids also included small
caused a dramatic change in terrestrial life.  reptilian ancestors of mammals.
Climate change had already triggered a The Permian closed with violence — a
collapse in the great swampy forests of the ~ mass extinction so severe that it wiped out

Carboniferous period (see pp.148—49), but

OO
MANY OF THE PERMIAN REPTILES POSSESS FOSSIL
CHARACTERISTICS \WHICH FORESHADOW THE
HEAD AND TEETH OF MAMMALS.

more than 70 per cent of animal life. With

99

R. Will Burnett, biologist, 1945—

The Palaeo-Tethys Ocean was
atits largest during Devonian
and Carboniferous periods
(419-300 mYA), but then started
to close up with movement of
land masses in the Permian

now, at the dawn of the Permian period,
much of the landscape of the new
supercontinent was about to turn to desert.

NEW SKIN, LARGER SIZES

Reptiles had evolved in the forests, but

now spread across the new parched world.
These new vertebrates were better adapted
for land than their amphibian ancestors.

By evolving hard scales, made from a tough
fibrous protein called keratin, they reduced
dehydration. Mammals and birds would
later use the keratin for their hairs and
feathers. The first reptiles to lay hard-shelled
eggs (see pp.146—47) also did not need water
to breed — unlike their amphibian ancestors.
This helped to push vertebrate land
colonization like never before.

Two main reptile groups diverged at the
start of their reign. One, the diapsids, later
went on to produce dinosaurs, birds, and
modern lizards. At the time of the Permian
it was the second group, the synapsids, that
came to rule the arid land. Some evolved
to become the biggest land animals of the
day. The sail-backed, carnivorous
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extraordinary volcanic activity releasing
noxious gases, the biggest extinction event
ever saw many reptiles disappear. But
enough descendants of both groups, the
synapsids and diapsids, survived to
repopulate the land — first with dinosaurs

and mammals, and then with birds.

<4 Moschops

With its stocky body,
this survivor of the
dry Permian world
ate tough desert
vegetation. It was one
of many synapsids —
strong-jawed reptiles
that would eventually
give rise to mammals.
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ReEPTILES DIVERSIFY

The coming and going of species define the chapters in the history of life.
In the wake of a drying supercontinent, the Age of the Reptiles produced
some of Earth’s most spectacular animals. Reptilian diversity reached its
peak, as giant reptiles conquered sky, land, and oceans.

2.4BYA | OXYGEN 936 MYA
FILLSTHEAIR

ESTIMATED ORIGIN OF
ALCAE AND PLANTS

The great Age of Reptiles spanned more
than 200 million years. It began on the
parched landscape of Pangaca (see pp.152—
53) and ended with an asteroid strike, but
even after the demise of the dinosaurs,
reptiles prevailed, albeit in a smaller form.
Today, lizards and snakes account for nearly
one-third of land vertebrate species.

MESOZOIC MONSTERS

During the Mesozoic Era, the stretch of
time divided into Triassic, Jurassic, and
Cretaceous periods, a group of small,
lizard-like reptiles — diapsids — diversified
with spectacular results. Some diapsids
returned to the ocean habitats of their

it 1s possible for a land animal to get. Pteranodon

As herbivores evolved into giants, so did
their predators. Theropods, the bipedal
sprinters of the dinosaur family, were nearly
all carnivores. The biggest of these, such

as Tyrannosaurus, were among the most
formidable predators ever to walk on land.
Evolution also favoured miniaturization
among dinosaurs: one group of diminutive
theropods grew feathers, turned warm-
blooded, and eventually evolved into birds.

MASS EXTINCTION
The reign of the giant reptiles ended with

the Cretaceous mass extinction — almost .
Velociraptor

certainly caused by an asteroid or comet

A DISTINCT TRIBE.. DINOSAURIA.

il € { &
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distant ancestors: the ichthyosaurs and

plesiosaurs, such as Albertonectes, evolved
flippers from limbs and became expert

swimmers and hunters of fish.

The most famous diapsids took body
size to new extremes. These reptiles —
the archosaurs — became crocodilians,
flying pterosaurs, dinosaurs, and ultimately
birds. They had strong limb muscles that
allowed them to walk tall — improving on
the lumbering, belly-dragging gait of
carlier reptiles.

GIANTS AND MINIATURES

The most successful and diverse archosaurs
of the time, dinosaurs evolved into a
multitude of predators, grazers, and
scavengers. The gigantic, long-necked,
herbivorous sauropods, such as
Brachiosaurus, became about as large as

Richard Owen, palaeontologist, 1804-1892

striking Earth. Catastrophic conditions

. . . . . E
followed, including wildfires, acid rain, dmontosaurus

and a global cloud of debris that blocked
the Sun’s light and brought much of
life’s food-providing photosynthesis

to a temporary halt.

Unable to adapt quickly enough to
the rapidly changing conditions, all the
giant reptiles — including plesiosaurs,
pterosaurs, dinosaurs, mosasaurs, and
the giant ancestral crocodilians —
became extinct. But lizards, snakes,
turtles, and modern crocodiles
survived. Surviving along
with them were the
descendants that
would ultimately
succeed the reptiles
in global domination:
birds and mammals.
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< Diversification

The dinosaurs formed one of many
reptile groups that dominated Earth
for millions of years. Living alongside
them, pterosaurs soared in the skies
and plesiosaurs and mosasaurs swam
in the oceans. In addition, turtles,
lizards, snakes, and crocodilians

all appeared for the first time.

Placerias

Diphydontosaurus

Titanoboa

Citipati

Tyrannosaurus Plateosaurus

Rahonavis

Parasaurolophus

Mosasaurus

Triceratops

Albertonectes
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BIRDS TAKE
1O THE AIR
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Birds are the most varied of the flying vertebrates, and today there
are more than 10,000 species. Their origins lie with the dinosaurs,
and scientists have been studying fossils for 150 years to better
understand this evolutionary transition.

The story of how birds evolved from
reptiles provides biologists with a deeper
understanding of how evolution works.
From one form of life another can arise
so inherently different that at first glance
it appears that there is no relationship
between the two. Closer inspection
of anatomy, the fossil record, and
molecular analysis of genomes can
lead to surprising connections between
seemingly unrelated species.
Superficially, reptiles and birds differ
to a large degree. Modern birds look
conspicuously distinct from living reptiles,
even though they had reptilian ancestors —
a group of bipedal, mainly predatory
dinosaurs called theropods. Theropods,
however, had already evolved to become
very unlike the reptiles we know today.
Some were not only feathered, but may
have been warm-blooded, too.

PREPARING FOR FLIGHT
In some ways, theropods were primed for
flying, even if their reasons for doing so are

not certain. They walked upright on their

hind legs, which meant their front legs
were free to become wings. Some small
species had hollow bones, which were
already lightweight. In some gliding
species, long fingers supporting broad,
feathered hands provided the lift to sail
short distances over ground or from
branch to branch. However, genuine
wing-flapping flight required at least
two more modifications: flight feathers
made into stiff blades and stronger
muscles capable of sustained flapping.

As birds evolved over time, their
breastbones developed a bony protrusion
called a keel to which more massive flight
muscles attached. Big-keeled birds packed
more breast muscle to power their wings.
These masters of flight flourished in the
forests, grasslands, and wetlands of the
post-dinosaur world. They evolved new
and better ways to get food, as they caught
insects, crushed seeds, or lapped nectar.
Others returned to the meat-cating habits
of their ancestors and a few, such as
ostriches, have abandoned flight altogether
and sprint across the ground instead.

Long, asymmetrical
flight feathers gave
Confuciusornis a
long, narrow wing

150 MYA 125-120 mya

Archaeopteryx Confuciusornis
This species retained many reptilian
features, including a long, bony tail,
teeth, and claws on its feathered
wings. It lacked the musculature for
strong flight, so may have relied

heavily on gliding.

The first bird known to have a toothless
beak, it also had a more birdlike tail

and a keel on its breastbone. Like
Archaeopteryx, its shoulder joint was
angled lower than in modern birds, and
this restricted the depth of its “flap”.

OmyA

Erithacus

The keeled breastbone of modern
birds, such as the European

robin, supports massive flight
muscles (up to 10 per cent of

the bird’s body weight), making
flight stronger.
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< Prehistoric flier

This crow-sized primitive bird, Confuciusornis,
lived alongside the dinosaurs 125-120 mya,
during the Cretaceous period. Its fossilized
remains have been found in abundance, with
many fossils preserving its skeleton and
feathers in exquisite detail.

A toothless beak sets
Confuciusornis apart from its
dinosaur ancestors and from
Archaeopteryx, which had
teeth like a dinosaur

Wrist bones helped the hand
swivel sideways — perhaps to
help catch prey

- / Strong, bulky

claws could grab
DEINONYCHUS i moving prey

Large claw
was probably
used to climb trees

 Wrist joint’s movement was
The tail vertebrae endedina \ confined to the swivelling

bony stump called a pygostyle, o motion that became part
typical of all modern birds; like of the bird’s flight stroke
modern birds, if it had a long tail, l

it was formed of feathers L/
| ) Slender finger
: bones made
wing more
I light-weight

ARCHAEOPTERYX
KEY

Humerus I Wrist bones
I Radius and ulna Finger bones

Backward-facing back toe (hallux)
allowed Confuciusornis to perch
firmly on branches, like many

modern birds A Prehistoric hands

Hand and wrist bones of Deinonychus, a theropod
dinosaur, and Archaeopteryx, the earliest known
bird, show remarkable similarity in anatomy.
However, only Archaeopteryx could fly.

60
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AVIAN FLIGHT IS THE MOST VARIED AND SUCCESSFUL
OF ALL FORMS OF VERTEBRATE FLIGHT. PN
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John Ostrom, palaeontologist, 1925-2005
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CONTINENTS SHIFT
AND LIFE DIVIDES

As continents move they carry with them communities of living things

that have evolved over millions of years. Landmasses that split and collide

pull species apart and bring others together. As land glides between
poles and the equator, climate also affects species.

Land-based life rides on moving continental
plates that are pushed and pulled as crust
plunges into Earth’s interior in some places
and 1s reformed in others (see pp.92-93).
Oceans between the crust expand and
shrink, while coastal and marine life comes
and goes. The shifting surface of Earth helps
to explain why fossils found today end up in
odd places — such as those of sea-floor
animals appearing high in the Himalayas.

CRADLES OF LIFE ON LAND

Relatively early in Earth’s history in the
Cambrian period (541-485 Mya), giant
land masses formed and split, creating the
oceans in which life diversified. Once plants
and invertebrates had invaded land and

diversified, landmasses became centres

for evolution. These events happened so
long ago that there is scarcely any trace in
the distribution of invertebrates and plants
alive today. But over 300 MyA — as some
amphibians were evolving into reptiles and
some spore-bearing plants were evolving
into seed plants (see pp.144—45) — the
movement of the continents began to

have more lasting impacts.

LAND LIFE SPLITS APART

In the Carboniferous period (359299 mya),
northern and southern land masses collided
to form a huge supercontinent called
Pangaca (see pp.152-53). It straddled the
equator and contained most of Earth’s land.

ALL EARTH SCIENCES MUST CONTRIBUTE EVIDENCE...
UNVEILING THE STATE OF OUR PLANET IN EARLIER TIMES.
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» Modern clue
Thessilver banksia
(Banksia marginata) is
a species of Proteaceae

plant found in Australia.

Other species of this
plant family include

the southern African
proteas and the Chilean
firebush (Embothrium
coccineum).

Alfred Wegener, geologist and meteorologist, 1880-1930

Its effect on climate was dramatic — with the
dry interior vastly different from the cold,
polar extremes. This, coupled with the loss
of many coastal habitats, sent many species
into extinction, but helped seed plants,
reptiles (see pp.154-53), and others diversify.
In the Mesozoic Era 100 million years
later, Pangaca began to split. This created
a sca barrier for land-based life, and plants
and animals were isolated on two
supercontinents; Laurasia in the north split
from Gondwana in the south. Land-based
life could wander across five continents that
today are widely separated. Further splitting
would produce recognizable landmasses:
Laurasia into North America and Eurasia,
and Gondwana into South America, Africa,
India, Antarctica, and Australia.

158 | THRESHOLDS
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We now know that Gondwana was covered
in rich rainforests that encouraged diversity.
Many groups alive today evolved there
first — such as modern marsupial mammals —
and spread throughout Gondwana, but
could not reach Laurasia. Today, marsupials
are restricted to South America and
Australia, and have fossils in Antarctica.
Those evolving in Laurasia, such as
salamanders and newts, were restricted to
northern continents. Members of the
Proteaceae family, such as macadamia trees,
also have a remnant Gondwanan distribution.
The distribution of fossilized species is
evidence for continental drift (see pp.90-91).
Certainly, the pattern and movement of
continents has had a profound impact on the
distribution of all life that followed.
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< Clues about Gondwana

We can draw conclusions from the fossil sites of
these four species as to which continents were
connected as Gondwana 150 MYA. Some of these
species are also found in Laurasia, indicating that
they evolved before Pangaea split.

KEY

@ Glossopteris
This tree lived before Pangaea
splitand was found in both
Gondwana and Laurasia. Fossils
are common in Gondwanan
continents, indicating that much
of the continent was forested.

@ Cynognathus
This primitive mammal-like reptile
lived before the Pangaea
supercontinent split. Despite this,
Cynognathus fossils are found only
in the Gondwanan continents.

@ Lystrosaurus
A common mammal-like reptile,
Lystrosaurus thrived on Pangaea
before it split. Its fossils are most
abundant in southern Africa — but
have been found in India,
Antarctica, and also Eurasia.

@ Mesosaurus
Fossils of Mesosaurus, an aquatic
reptile, are only found between
South America and South Africa,
suggesting that its distribution was
confined to the southern extreme
of the continent.

CONTINENTS SHIFT AND LIFE DIVIDES
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ITHEPLANET
BLOSSOMS

One group of seed plants made the planet burst with colour. Flowers gave
plants more effective ways of spreading their pollen and setting their
seeds. Even before the demise of the dinosaurs, forests and other
habitats were blooming — and buzzing with pollinators.

Limonium sinuatum

Around 90 per cent of all known plant
species are flowering plants. As trees, shrubs,
and climbers, they dominate rainforests; as
grasses, they carpet open ground. Flowering
plants thrive in the driest of deserts and
cling to rocks on high mountains and Arctic
tundra. Some, such as mangroves, even
tolerate tidal inundations of salt water

along shorelines. While some produce the
deadliest of poisons, others supply most

of humanity’s food. All, in one way or
another, provide habitats for animals. Such
impressive diversity stems from a uniquely
successful reproductive shoot: the flower.

66

female flowers are receptive. Female parts,

the carpels, have special projections, their
stigmas, that catch the pollen grains. Many
plants rely on wind to disperse pollen, but
carly in their evolution, some species
recruited animal partners to carry it for
them. As insects diversified so did the
variety of blossoms (see pp.164—65).

SCATTERING THE SEED
Insects were not the only animals to evolve -
alongside flowers. Fruit, another innovation
of flowering plants, encased the seed and

turned fragrant and colourful as it ripened.

[T 1S DIFFICULT TO CONCEIVE A GRANDER MASS OF
VEGETATION... ONE MASS OF BLOSSOMS... ESPECIALLY THE
WHITE ORCHIDS. WHITENING THEIR TRUNKS LIKE SNOW.

Guzmania lingulata
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Joseph Dalton Hooker, botanist, 1817-1911, Himalayan journals

THE FIRST FLOWERS

The first members of the flowering plant
group, or angiosperms, evolved around
120 mya. Montsechia vidaliz, an aquatic
plant with tiny flowers, is thought to have
dispersed its pollen in water, similar to its
ancestors (sce pp.144—45). Angiosperms
began to diversify 30 million years later and
evolve the flowering structure so integral
to their success. Water lilies and magnolias
are some of the most primitive species —
remaining unchanged for millions of years.

MOVING THE POLLEN

Flowers improve the transfer of pollen from
male to female parts. Male flower parts,
called stamens, split open to release their
matured pollen grains at just the right

time — when pollinators are active and when

».A .
v B

This was perfect for attracting mammals
with a nose for scent and birds with an eye
for colour. Seeds, in turn, became resistant
to their digestive processes so they could be
dispersed in droppings, readily supplied
with a dose of fertilizer.

When plants first used flowers in their
reproduction, they were embarking upon an
evolutionary pathway with far-reaching
repercussions. Tens of millions of years later, Anemone pulsatilla
animals with a taste for sugar, including
humans, would have sweeter foods to
plunder, such as fruits, as more seeds
scattered and new seedlings grew.

» Bloom of colour

Today, over 365,000 species of flowering plants
decorate our planet. Some kinds have specific
animal pollinator partners, without whom they
would not be able to spread.

Globularia alypum

Myrica gale
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Agapanthus africanus

Kunzea baxteri

Ostrya japonica

Narcissus pseudonarcissus

Potentilla anserine

Choisya ternata

Aesculus
hippocastanum

Magnolia campbellii

Xanthoceras

sorbifolium Primula veris Callistemon viridiflorus

Protea cynaroides
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The Cambrian Explosion, beginning around
542 MvA, gives rise to all modern-day animal
groups, but also sees a radiation of many
unusual body types, such as Hallucigenia,
none of which exist today.

I Hallucigenia

MARINE
INVERTEBRATES

A Rise and fall

The variety of species found at different points in
the fossil record provide a wealth of information
about the diversity of life on Earth. Diversity
levels of marine invertebrates, fish, amphibians,
reptiles, birds, and mammals are shown here with
rising and falling bandwidths.

KEY

| High diversity
Medium diversity
Low diversity

n ORDOVICIAN-SILURIAN (445 mva)

The growth of a huge, thick ice sheet on
a continent centred over the South Pole
causes sea levels to fall. This obliterates
coastal habitats at a time when most life
is still ocean-bound. Nearly two-thirds

of marine invertebrates become extinct.

TIMELINES

MASS
EXTINCTIONS
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LATE DEVONIAN (365 mya)

Oxygen levels in the oceans drop
during the Late Devonian, the

cause of which is uncertain. This
decimates coral reefs and many
prominent groups of fishes, including
placoderms and jawless vertebrates.
New kinds of fishes, such as sharks
and bony fishes, replace them.
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Persistent volcanic activity, glaciation, and climate change can
all result in the loss of species. The fossil record preserves five
occasions when such mass extinctions were particularly severe.

Life has prevailed on Earth for more than 4 billion years — but individual species
come and go. Stable, long-term habitats, such as rainforests or warm coastal seas,
that endure for millions of years provide hot spots for evolution that boost the
world’s diversity of species. Earth is a changeable place and extinction events can
act too suddenly for some life to adapt. These events drive multiple species to
extinction, but also provide others with fresh opportunities for success.
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TRIASSIC—JURASSIC (200 mya)

The break-up of supercontinent
Pangaea increases levels of volcanic
activity, which warms Earth’s climate
and causes mass extinction in the
oceans and on land. However, the
event favours the advancing global
domination of dinosaurs.

PERMIAN-TRIASSIC (250 mva)

Avigorous period of volcanism erupts copious
amounts of greenhouse gases, which cause
the biggest mass extinction so far. Global
warming creates vast deserts and triggers

an event called the “Great Dying”. More than
70 per cent of all species go extinct.

Brachiosaurus lived

155 Mya and
reached roughly 9m

Dinosaurs grow
to enormous sizes;
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(30ft) in height.

Large predatory terror birds
go extinctabout 1 MYA.

Ray-finned fishes diversify
10 MyA and become the biggest
class of vertebrates alive today.

Multituberculates, an ancient and
diverse group of mammals, goes
extinct 30 MYA.

The Grande Coupure 34 Mya sees a change in
climate causing the evolution of new mammal
species on land and the extinction of some
ancient whale ancestorsinthesea. _____

CRETACEOUS-PALAEOGENE (66 myA)

An asteroid impact creates acid rain and
perpetually dark skies. Plant growth reduces,
and the dinosaurs, pterosaurs, ammonites,
and mosasaurs such as Mosasaurus, among
other groups, go extinct. Ancestors of the
familiar mammals and birds of today emerge
from the aftermath.

Mosasaurus

Brachiosaurus
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Agent of pollination

The long proboscis of the hummingbird
hawk-moth can reach into tubular flowers, such
as jasmine and honeysuckle, to feed on their
nectar. Pollen easily sticks to the proboscis,
making this species an excellent pollinator.

THRESHOLD 5
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PLANTS RECRUIT

INSECTS

Species are products of evolution that are shaped, through natural
selection, by the environment around them — but species do not evolve in
isolation. They interact with each other; some clash when they compete
for the same food, but others end up cooperating.

For each species to thrive in its habitat, its
members must do whatever it takes to breed.
Species that have cooperative relationships
with one another are an interesting example
of the way life adapts to a changing world.

LIFE AFFECTING LIFE

The relationship between flowering plants
and pollinating insects marked an important
milestone in evolution. It is no coincidence
that flowering plants and insects represent
the most diverse groups of plants and
animals. There are 250,000 species of

(1)

on cach other. Both evolve by natural
selection, but for each the other species
becomes a factor in the selection. This
can drive partnerships down increasingly
narrow avenues of dependency until two
species become entirely reliant on one
another. Many plant species have flowers
that can only be successfully pollinated
by a single kind of insect. A species of
Madagascan orchid with an exceptionally
long “spur” (hollow tube) is pollinated by
a species of hawkmoth with a proboscis
(tongue) long enough to reach inside it.

POLLINATORS... ARE KEYSTONE SPECIES. YOU KNOW HOW
AN ARCH HAS AKEYSTONE. IF YOU REMOVE THE KEYSTONE,
THE WHOLE ARCH COLLAPSES.

44

flowering plants — while insects number
around one million species. Each group
diversified together as plants provided insects
with nutritious nectar and insects provided
the service of pollination. While flowers
evolved colour and scent to entice
pollinators, insects evolved mouthparts
that allowed them to extract the reward.

In 1964, American biologists Paul
Ehrlich and Peter Raven introduced
the term “coevolution” to explain
instances of co-adaptation. They
documented how family trees
of butterflies showed a
degree of correspondence
with those of flowering plants —
suggesting closely corresponding
pathways of evolution.
Cloevolution occurs when two
species exert selective influences
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May Berenbaum, zoologist, 1953—

Pollination of flowers by insects is an
important example of mutualism —a
relationship between two species in which
both benefit from each other. One-way
benefits, such as where predators or grazers
exploit their prey, can also lead to
coevolution. Cooevolution fashions these
kinds of relationships just as it does

mutualistic ones.

< Pollen collector

The honeybee is
renowned for its
nectar-loving diet,

and itis animportant
distributor of pollen for
many plant species.



EJ SYNAPSIDS

Synapsids are the reptilian
ancestors of mammals. They
had strong jaw muscles and
a powerful bite. Therapsids
evolved from synapsids 35
million years later. They had
better posture, raising their

bodies off the ground.
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Massetognathus skull

FIRST MAMMAL

The transition from reptilian
ancestors was a gradual one.
Cynodonts, or mammal-like
reptiles, had distinctive teeth that
foreshadowed the evolution of
molars and canines, and they
were probably warm-blooded.
Adelobasileus, living 225 mva, is
usually accepted as the oldest true
mammal. It was a small shrewlike
animal with a coiled inner ear —a
mammalian feature associated
with superior hearing.

Ma;setognathus, a
eating cynodont, js
fossilized 235 pya.
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Alphadon

Modern-day mammal
groups begin to diverge
about 120 Mya with ancestors

_ of elephants and manatees,

armadillos and sloths
diverging from the rest.
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PLACENTALS

Placental mammals support
their unborn in the womb by
a placenta that exchanges
nourishment and waste with
the mother's blood. Juramaia,
a tree-climbing mouse-like
mammal living 160 MYA, is
the oldest fossil placental.
By this time, most mammals
gave birth to live young and
were probably covered in hair.

PLACENTALS

MONOTREMES

e e Marsupialsdiverge about
= 176 mvA according to DNA

\ analysis of species alive today.
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TIMELINES

THE RISE OF
MAMMALS

Mammals first evolved at about the same time as the dinosaurs.
They survived the mass extinction event that eliminated giant reptiles
and rose to dominate the planet in their wake.

Mammals descended from a group of reptiles that split away from other reptiles as Pangaca
dried out (see pp.152-53). Some 100 million years later, when dinosaurs were evolving into
giants, these ancestors evolved into small, burrowing, possibly warm-blooded “proto-
mammals” called cynodonts — and spread around the world. In some respects they were still
reptilian, since they still laid eggs — but cynodonts were undergoing a revolution. They went
on to evolve fur to insulate their bodies, helping them to stay active in the coolness of night.
Furry skin became glandular too: it secreted oil that water-proofed hair, and milk that
nourished infants. Eventually, some mammals began to give birth to live young. As the
dinosaurs thrived, multiple groups of mammals diversified and then became extinct. Only
three groups survive today: over 90 per cent of mammals — including us — are placentals,
so-called because they carry their young through a long pregnancy nourished by a placenta.
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THE GRASSLANDS ARE LARGELY UNDISCOVERED
TREASURES OF AN IMPORTANT NATIONAL HERITAGE.

44

Francis Moul, environmental historian, 1940—

Acacia trees dot tropical
grasslands in Africa, but

do not dominate, offering
sparse cover and shade

Thelionis anincredibly
successful grassland predator,
hunting in groups to take down
larger, fast-moving prey

Wildebeest graze almost
exclusively on short grasses,
and in turn are bountiful
prey for grassland predators
such as lions

Deinotherium was a
species of elephant with
unusual downward-

sloping tusks

Termite mounds produce
nitrogen, which promotes
lush grass growth

Aardvarks burrow
during the day, safe
from predators

Dinofelis, a prehistori
cat, possibly ambushed
prey from dense

A Life in the savanna undergrowth

One million years ago, the East African

. . Savanna grasses can
savanna supported an impressive food

regrow quickly after

Hyenas use old warthog dens Gazelles are fast and

chain, with h?rds of grazing hOOf?d heavy grazing to raise their cubs in hiding, nimble, capable of escaping
mammals falling prey to meat-eating lowering risk of attracting predators by running away
predators — just as they do today. predators on the open savanna
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530MYA | FIRSTLAND 380MYA| FIRST TREES
ANIMALS AND FORESTS

220MYA | FIRSTMAMMALS 66 MYA | ASTEROIDKILLS THE
AND DINOSAURS RULING REPTILES

GRASSLANDS
ADVANCE

In environmental and ecological terms, the grass family is probably the

Zebras are perfectly
adapted to inhabit
grasslands; they can move
across vast plains to search
for food and water

single most important plant group on Earth. Nearly three-quarters of
crop species grown by humans are grasses. Remarkably, they only
appeared relatively recently — about 55 myA.

Although grasses evolved about 55 MYA,
grassland habitats were not established
until 15-10 mya. Given the right conditions,
grasses grow opportunistically in open
spaces, spreading quickly by underground
stems. A few, such as bamboos, grow tall
and woody, but most others stay low before
flowering and setting their seed. These are
the species that populate the open habitats
familiar today, forming vast plains and
prairies dominated by a single species.
Today, one-fifth of Earth’s vegetation
cover is grassland.

SURVIVING THE GRAZE

Although grasses can look palatable, most
species reinforce their leafy margins with
granules of the mineral silica. Some species
possess enough silica to make their blades
abrasive or even sharp enough to cut skin.
This adaptation deterred herbivores, but in
response plant-eaters evolved stronger jaws
or more resilient digestive systems. Grasses

Frontincisor
teeth cut low

evolved yet another tactic: by growing their
blades from the base, rather than the tip, they
could be grazed close to the ground and still
regenerate. Their creeping stems can even
send up regenerative shoots after being
trampled under heavy hooves. This allows
grasses to out-compete other plants in

heavily grazed environments.

GRAZERS GROW BIGGER

As grasslands spread across the world, life
evolved in turn. Productive growth could
support bigger plant-caters — and large
bodies were perfect for digesting grass. Big
herbivorous mammals evolved digestive
systems that worked like fermentation vats,
relying on gut microbes to help break down
plant fibre. The grassland bounty came at
a price: there was no cover from predators.
Fleet-footed grazing mammals evolved,
gathering in herds for safety.

Today grasslands support some of the
biggest concentrations of wildlife on Earth.
Two million years ago, the first humans joined
the grassland food chain. No terrestrial habitat
has been so influential in shaping the evolution
of mammals and humankind (see pp.186—-87).

Abdomen
accommodates bulky
digestive system that
ferments grass

<« Built for grasslands
Grazers such as the

to the ground
& horse consume low
2, 4 grass in open places.
Ny Their large leg muscles
» Long, slender legs can be 14 .8 are concentrated at.the
S swung quickly to cover W top of the legs, leaving
& ground swiftly — . ; the slender lower legs
Wa(':rifng I'lolgsfin éhi savanna \, L free of bulky muscle, so
can be few and far between — 2 s> 3 ; :
T ¥
large mammals must be able to e, < W they are light and easily
travel long distances in order to ¢ }(, manoeuvrable for
reach them i a quick escape.
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V¥ From land to sea

The evolution of whales
from aland-based
ancestor is an example
of large-scale genetic
change over the course
of millions of years.

EVOLUTION
TRANSFORMS LIFE

Evolution happens by small changes in genes. These changes are
inherited from one generation to the next, and over millions of years,
these changes can become amplified. Vast stretches of time may pass
before new species — with new ways of life — emerge.

Some organisms reproduce so quickly that
their evolutionary changes can be observed
directly. Resistance to antibiotics, for
instance, can spread through bacteria that
double their numbers every half hour. But
to study changes in living things that breed
more slowly, and evolve over much longer
periods of time, scientists must examine
evidence from multiple sources — such as
genes, anatomy, and fossils — to work out
how evolution has shaped life on Earth
through time.

CHANGE AND DIVERGENCE
Natural selection works on the variation
created by mutation to bring about
adaptation (see pp.108—09). Over many

generations of evolution, organisms change
so much in their anatomy and behaviour
that they may become unrecognizable.
Populations split as landscapes move and
habitats come and go — sending different
groups along diverging paths that can result
in the evolution of different species. For
vertebrate animals this may take a few
million years, but for fast-breeding microbes
it can happen within our lifetime.

TRACING THE RELATIONSHIPS
Analysis of the chemical sequence of genes
helps to uncover the relationships between
species (see pp.172-73). This analysis shows,
for instance, that humans are closest to
chimpanzees — a “sister species” — but more

Indohyus’s move to water may have happened
for many reasons, including escaping from

udms.pu.ndh-m..m,‘.

A small hoofed animal called Indohyus was the earliest member
of the lineage that led to whales and dolphins. Chemical analysis
of its fossils indicates that it spent some time in fresh water. Its
skull was thicker in the region of its ear canal, suggesting it had
good hearing, perhaps to help it find food under water.

predators or to find new food sources

HIPPOS GIVE BIRTH AND
SUCKLE THEIR OFFSPRING
UNDER WATER, |UST LIKE THEIR
CLOSEST LIVING RELATIVES —
WHALES AND DOLPHINS

distantly related to gibbons, whose genes
have fewer similarities with ours. Genes
show that cetaceans — whales, dolphins, and
porpoises — share a common ancestor with
the hippopotamus, and are therefore derived
from the hoofed mammal group. Scientists
can estimate the rate of random genetic
change that accumulates over time by
mutation and devise a “molecular clock”

to calculate roughly when species diverged.

Long body and stout legs would
have made Ambulocetus
cumbersome on land

Ambulocetus was a semi-aquatic animal whose name translates
as “walking whale”, although it was best suited to life in fresh and
salt water habitats. It was less accustomed to movement on land
and instead was a better swimmer. Its powerful tail moved up and
down —just like the flapping tail of modern whales.
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FIRST LAND
ANIMALS

530MYAX

By using this molecular clock, they
conclude that the ancestors of whales
and hippopotamuses diverged between
50 and 60 million years ago. Genes only
provide part of the picture. They can never
show what ancestors looked like, and for that
scientists rely on fossils.
Fossils show how the anatomy of
prehistoric life compares with species
alive today. Although their own DNA
has degraded, their anatomy — even
when fragmentary — can reveal important
relationships. Fossils can be dated, which
helps to establish when key events took place
and support the molecular clock. Scientists
can never be sure that fossilized forms of life
are the direct ancestors of living ones, but
their relative positions in the tree of life can
be strongly indicated by the evidence.
Dozens of fossil animals are at the base of
the cetacean family tree — tens of millions
of years before modern whales. They not
only help to show how walking limbs
evolved into swimming flippers, but
even, from chemical analysis, whether
the animals lived in fresh or salt water.
After 4 billion years of evolution, Earth
1s rich with millions of diverse species —and
many more have lived and died out in the
past. Everything on the great tree of life is
connected to the past, and to each other.

Streamlined body, similar to a
dolphin, allowed Aetiocetus to swim
more efficiently in the open oceans
than its predecessor Ambulocetus

Aetiocetus was a recognizable whale — no longer capable of moving
on land, with a shorter neck, reduced sense of smell, flipperlike limbs,

Aetiocetus probably
filtered krill with its
baleen, although it may
also have hunted fish

380MYA| FIRST TREES
AND FORESTS

220MYA | FIRSTMAMMALS
AND DINOSAURS

66 MYA | ASTEROIDKILLS THE
RULING REPTILES

Balaenoptera

¥ Evolutionary pathway (Blue whale)

Evidence from anatomy and DNA indicates that
whales and dolphins evolved from hoofed animals,
and that the hippopotamus is their closest living
relative. Numerous fossil species add detail to
their cladogram.

Aetiocetus

———,

.

Ambulocetus Grooved pouch in throat
improves efficiency

of baleen; giant size

Hippopotamus
(Common hippo) Indohyus ﬂ
Tail flukes and a streamlined body evolve
e allowing swimming in the open ocean;
& - baleen also evolves, which allows filter
/) j'k'- feeding of krill; reduced sense of smell

because they now relied on echolocation

Tail bones more robust;
stronger tail provided
propulsion in water

\

Q

Thickening of the auditory
bulla (part of the skull) allowing
better underwater hearing

Common ancestor

00

HUMANS ARE.. ATINY LITTLE TWIG ON THE ENORMOUSLY
ARBORESCENT BUSH OF LIFE... IF REPLANTED FROM SEED,
WOULD ALMOST SURELY NOT GROW THIS TWIG AGAIN.

99

Stephen Jay Gould, palaeontologist, 1941-2002

Krill is one of the

main food sources for

modern baleen whales,
such as the blue whale

Baleen is an adaptation
to filtering krill from
large gulps of sea water

Enormous body size
deters many predators
in modern open oceans

Large, grooved
throat pouch
excellentat
ing up large
Sy

The blue whale, the largest living mammal, is toothless and Pods of killer
completely relies on baleen to filter plankton, mainly krill. Grooves whales can hunt
blue whales

tail flukes, and no external ears. It had a beak, but unlike any living
whale, its mouth contained both teeth and baleen — fringes of hornlike
material to filter plankton — marking it as a truly transitional animal.
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help its throat expand to acquire massive amounts of food in one
gulp. Whales may have evolved their large size to maximize food
intake — or perhaps to avoid predation from giant prehistoric sharks.



BIG IDEAS

» Collecting specimens
New species are
described from
preserved specimens —
so-called “type
specimens” — that are
deposited as scientific
collections in museums.

aturalists have been classifying living

N

trying to understand them. Early groupings

things for as long as they have been

were wholly guided by specific needs. For
example, apothecaries classified plants
according to their medicinal properties.
Ancient Greek thinker Aristotle classified
plants and animals along his scala naturae,
or “ladder of life”, imbuing each kind with
a “degree of perfection”, between base
minerals at the bottom and God at the
top. Some of Aristotle’s categories, such as
vertebrates and invertebrates, are still used
today, but his belief that each type of
organism had an ideal form — an “essence” —
pervaded biological thought until the time
of Charles Darwin (1809—-82), and
hampered notions of evolution based

on natural variation (see pp.110—-11).

THE EARLY NATURALISTS

From the 16th century, botany and zoology
moved forward as new researchers made
first-hand observations, instead of relying on
the received wisdom of ancient philosophers.
Renaissance anatomists, such as Andreas
Vesalius (1514—-64), explored the human
body by dissection, and 100 years later, the
newly-invented microscope opened up a
world of cells and microbes. Naturalists
came to devise their own classification
systems and made more meaningful

DARWIN SKETCHED A TREE OF
LIFE IN 1837, 100 YEARS BEFORE
THEY BECAME COMMON

comparisons based on accurate knowledge
of anatomy. English naturalist John Ray
(1627-1705), for instance, recognized that
whales were mammals and not fish. He
wrote exhaustively on plants and animals
and he was the first observer to devise the
concept of a biological species: an organism
that reproduced always to result in the
same form. As more species were being
discovered though, they lacked a standard
naming system — however, one Swedish
botanist was about to change that.

NAMING LIFE

A botanist called Carl von Linné (1707-78) —
later Latinized to Carolus Linnaeus — had
been studying the structure of flowers,
identifying their parts as reproductive
organs and cataloguing their diversity. In

HOW WE

CLASSIFY LIFE

The classification of living things involves more than unscrambling the
order of the natural world. Modern biologists classify species on the
basis of their ancestral relationships, and their methods for doing so
have been honed over 200 years of studying disciplines as diverse as
anatomy, palaeontology, and genetics.
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DARWIN.. SHOWED WHY THERE
ARE NATURAL GROUPS AND WHY THEY
SHARE ‘ESSENTIAL CHARACTERS.

1735, he published a pamphlet called Systema
Naturae, or “Natural System”. Initially, it
outlined a hierarchical classification system
of all known life that was defined by ranks.
Classes — such as reptiles, birds, and
mammals — were split into orders — such as
pigeons, owls, and parrots — and then into
genera (singular, genus). The genus rank
defined the basic form of an organism, such
as bear, cat, or rose. As was the convention
of the day, the specific type (equivalent to
John Ray’s species) was still denoted by a
cumbersome Latin description. In 1753,
Linnaeus’ Species Plantarum changed this by
substituting one-word names for plants, and
his 1758 tenth edition of Systema Naturae did
the same for animals. For example, the
brown bear — which in 1735 was listed in his
genus Ursus — was now given the specific
name of Ursus arctos. Linnaeus’s 1753 and
1758 publications mark the beginnings of
recognized scientific names for plants and
animals, respectively. This two-name system

CLADISTIC ANALYSIS SHOWS
THAT BIRDS ARE CLOSEST
TO DINOSAURS

became universally adopted in biology: the
first name (Ursus) denotes the genus, and
the second (arctos) the species. Linnaeus’s
taxonomic system is still used today — but
with some modifications and additional
ranks. As our knowledge about the
relationships of species grows, many species
move to other genera, changing their
two-word scientific name as they go.

ORGANIZING LIFE

Even in the 19th century, many still saw
variations in individual forms of life as
imperfect deviations from an ideal form.

Ernst Mayr, 1904-2005

/ Biologist

Charles Darwin’s recognition of the
importance of these variations to evolution
led to a shift away from this Aristotelian
viewpoint. By the early 1900s, species
were known to be made up of variable
populations and the genetic basis for

this variation was better understood

(see pp.108-09).

In the 1960s, German biologist Willi
Hennig (1913-76) applied more rigorous
evolutionary rules to classifying life. Groups
at any rank should contain all species
descended from a common ancestor. These
groups were called clades, the branching
diagram showing them called a cladogram,
and the new method called cladistics.
Cladistics has since been universally
adopted as the appropriate way to classify
life — because this method clearly shows
to what degree one animal is related to
another. Classification now reflects
evolutionary relationships, and taxonomic
groups were redefined on the basis of
descent from common ancestors. Knowing
how closely related species are is more useful
than knowing they are simply similar. If we
know that one plant produces a life-saving
drug, and we also know which other plants
are closely related to it, we can focus our
search for new sources for this drug.

Cladistics changed how taxonomists view
Linnaean groups. Where once taxonomists
understood mammals and birds as groups
(classes) of equal rank to reptiles, cladistic
groupings have reworked this notion. We
now know mammals and birds evolved
from reptiles, and reptiles evolved from
amphibians, and so on. Therefore, cladistics
classifies mammals and birds as two distinct
clades within a larger clade that also
includes reptiles, because they all share
a single common ancestor.

Today, taxonomists have a better tool
than anatomy for discovering evolutionary
relationships. Biologists have turned to DNA
as a source of information ever since they
recognized that inherited genes are stored
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inside it. DNA contains a code — a sequence
of chemical components along its chain.
Closely related species have similar
sequences. Modern analytical techniques,
coupled with powerful computer
programmes, can compare DNA among
multiple species, generating the statistical
likelihood of a relationship between species.
Biologists can even use DNA information
to calculate when two organisms diverged
from each other (see pp.170-71). They can
then create cladograms with time estimates
applied to each branching point. These
“timetrees” of life can be used to map
evolutionary progress over millions, or
billions, of years. It means that taxonomic
groups are not only defined in terms of
descent, but also by their estimated times
of origin and divergence.

PLANT GROUPS SHOW
RELATIONSHIPS ON ALL SIDES...
LIKE THE COUNTRIES ON A MAP

Carolus Linnaeus, botanist, 1707-1778



ICE CORES

Ice cores capture a wealth of clues indicating a vigorous, and largely
natural, back-and-forth of climatic conditions. Similar to animals trapped
in amber, tiny relics from Earth’s past can be held inside ice cores.

Atmospheric gases -
Each layer of snow that fell on the Greenland
ice sheet contains gas from the atmosphere that
was trapped as the snow compacted into ice.
Climatologists who compare gas levels inside ice
cores from varying depths can create a timeline
of Earth’s climatic past. The level of carbon
dioxide in the atmosphere was stable

over the last millennium until the

early 19th century, when it began

toincrease. Itis now 40 per

cent higher than before

the industrial revolution

(see pp.304-05).

Earth’s ice sheets are gigantic treasuries of in the atmosphere. This provides long-term

evidence of past climates. These three ice context to the rise in carbon dioxide (COy)
cores, each Im (3%ft) long, are samples from  levels seen in recent decades. Research

a long core drilled from the Greenland ice
sheet, which is more than 2,000m (6,600ft)

thick. As the ice sheet formed from falling

stations in Earth’s polar regions, such as
Vostok, Antarctica, have contributed records
of CO2 levels stretching back more than
400,000 years. At Dome C in Antarctica, R
airborne particles, which were incorporated  drillers extracted an even longer ice core.

At 3,270m (10,738ft) long, it holds data, such
as methane and CO2 levels, from the last

snow, it captured atmospheric gas and

into the ice as a record of conditions at the

time. Ice builds up year on year, so as “Firn”is aform Tl LS
of compacted R B

650,000 years. Ice cores can also capture ice found S
volcanic ash, dust, sand, and even pollen. between layers
of freshly fallen

snow and hard,

glacial ice

scientists drill down, they reach older
and older records. This particular core
documents 111,000 years of climatic history. ~ These clues can tell us about volcanic
Climatologists analyze ice cores to find activity, the extent of deserts, and the spread
clues to Earth’s past climate. If dust trapped  of different types of vegetation in the past.
in the ice contains radioactive elements, The drivers behind natural climate
radiometric dating (see pp.88—89) can be

used to date the sample. Ice cores can reveal — orbit and changes to its axis of rotation that

change include cyclical changes in Earth’s
This is the uppermost
ice core, retrieved
fromice 53-54m
(175-177ft) deep. Itis
about 173 years old

what the average temperature was in the are known as Milankovitch cycles. Other
past, and can tell us the proportions of gases  natural factors are changes in the Sun itself,

plate tectonics, and volcanism. Scientists

¥ Milankovitch cycles study ice cores to learn about these natural
Long-term changes in Earth’s orbit and spin are
called Milankovitch cycles. The cycles alter the
timing and intensity of our seasons and seem to
coincide with regular bouts of climate change,

such as ice ages (see pp.176-77).

. g TOPMOST ICE CORE
effects on climate and to predict how they

might interact with the current human
activities that seem to be bringing about
rapid climate change (see pp.352-53).

Ice cores — long columns of ice — have been
extracted since the 1950s, largely from the
Creenland and Antarctic ice sheets. A large

' Extracting ice cores

Elliptical Circular
orbit orbit

Thilfof Eguaror Axi —_— C team of scientists is required to drill into an ice
changes during xis invarying : :
cycle /4 of rotation : directions sheet and extraq aviableice core. The cores
— are then stored in temperatures below -15°C

(5°F) to preserve them and prevent cracks.

Axis points

Earth ~
Axis tilt varies 4/ B . Axis )
ﬁ from 21.8° & A of rotation
L:) to 24.4° > < =
g Present day | 24.4° Present day g Present day
L | | — N
) ‘ | i “‘ “ ““ 2
w F 21.8° (&)
-200 -100 0 100 -200 -100 0 100 -200 -100 0 100
THOUSANDS OF YEARS THOUSANDS OF YEARS THOUSANDS OF YEARS

Earth wobbles because itis not a

The shape of Earth’s orbit changes
from circular to elliptical (more
“eccentric”), under the influence

of Jupiter and Saturn’s gravity. This
alters the length of our seasons,
changing our climatic patterns.

The angle of Earth’s axis varies by a
few degrees. With a greater tilt, the
northern or southern hemisphere is
inclined further towards the Sun,
which results in more extreme
contrasts in our seasons.

perfect sphere — this causes its axis
to trace out imaginary circles over
approximately 26,000 years. This
alters the timing of midsummer,

Scientists drill into Antarctic ice

midwinter, and the solstices.
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MIDDLE ICE CORE

This ice core has been recovered
from a depth of 1,840-1,841m
(6,035-6,040ft) and is around
16,300 years old

'Clues about the climate -

At the time this ice core was made, dust blew over
Creenland from far-off sandstorms, forest fires, and BOTTOMMOST ICE CORE
volcanoes. The dust was compacted along with

freshly falling snow. The Sun vapourized (sublimated)

the surface snow, which concentrated the dust. The

dust shows as dark rings within the ice core. Dark s e e fis e i rasiseatin
rings indicate summer months, and clear rings of the Greenland ice sheet. An
signify winter months. Thick, dark rings show renxjsti?ﬁ 3 ﬁ"%%i‘,";';'rsbgfd't R
summers that were particularly long.

Sediment, picked up as
ice sheet moved and
flowed, obscures layers
within ice core
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Vast North American ice sheet
extended to the centre of the
continent at its maximum extent

EARTH FREEZES

Climate change has been a natural part of Earth’s history since the planet  » Glacial period
was formed. At its coldest, at the height of Earth’s many ice ages, the In our most recent ice age, glaciers ot

. .0 . reached their maximum extent =
world groaned under vast ice sheets that had a massive impact on life — about 20,000-15,000 years ago.
driving some species to extinction and shaping the evolution of others.

Much of Earth’s water was locked

Ice ages happen when the temperature of
the Earth’s surface plunges and extensive
sheets of ice start to grow. It is likely that
no single cause is responsible: shifts in
Earth’s orbit or atmospheric change both
play their parts. But the effects can go far
beyond climate. Freezing temperatures

EARTHALMOST COMPLETELY FROZE OVER
TWICE IN ITS HISTORY, WITH ICE-SHEETS
ALMOST 1,000M (3,300FT) THICK

lock ocean water into permanent blocks —
ice sheets and glaciers — lowering sea
levels and merging lands that were once
separated. Populations adapted to a
tropical climate may contract towards
the equator or even disappear altogether,
while cold-adapted species advance.

» Higher sea levels
Neither the North nor South poles
had ice caps 40 myA. The lack of
polarice meant that there was a
greater volume of oceanic
water — resulting in rising

sea levels and flooding of

coastal and lowland areas.

Most of Florida
was flooded

North and South
America had
yet to collide

away inice so sea levels were
lower and the general
climate was drier.

ICE AGE EVENTS

At least two major ice ages happened before
the Cambrian explosion of life, 520 MYA.

In each case, our planet turned into a
“snowball”, almost completely covered in
ice. Another ice age took place 460—420 Mya,
when fish were filling the oceans. A fourth
came as the first forests grew, 360260 MyA,
when the continent of Gondwana drifted
over the South Pole and a polar ice cap

started to spread. The last ice age — starting
just over 2.5 million years ago — is better
known, and is ongoing. During this ice age,
ice sheets that are currently centred over
Greenland in the north and Antarctica in
the south have waxed and waned during
glacial and interglacial periods. Since the ice
sheets have not yet disappeared, Earth is still
in this ice age, albeit in a relatively warm,
interglacial. The glaciers of the recent

past have left their mark in eroded valleys
and glacial deposits, while changing
temperatures and sea levels have made
modern life a product of the glacial age.

Open Arctic
Ocean was free
of permanent ice

Greenland
did not have
anice cap

A warm, shallow
sea spread over
much of Europe’s
low landmasses

Northern Africa
submerged by a
shallow sea due
to high sea levels

40 MYA
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FIRST LAND
ANIMALS

530MYA

380MYA| FIRST TREES

220MYA | FIRSTMAMMALS 66 MYA
AND FORESTS AND DINOSAURS

ASTEROID KILLS THE
RULING REPTILES

i e—

Pack ice extended as far
south as northern France

20,000 ya

Eurasian ice sheet extended across
half of Russia and most of northern
Europe at its maximum extent

Smaller ice sheets were
also present on the
Tibetan plateau

A Ice age elephant

The origins of woolly mammoths lay with the elephant
family in Africa some 5 million years ago. Elephants
spread northwards around the Earth, evolving shaggy
coats that kept them warm during the advancing ice age.

Grasslands were the main habitat
that encircled the edges of the
ice sheetin Europe and Asia

Dry scrub extended across western
Asia due to drier global climate

The British Isles were
connected to Europe by land

Packice
Ice cap over Permanent sea around
Greenland’s ice over Arctic northern

landmass Ocean Russia

» Interglacial period
The presence of ice caps in the
Arctic and Antarctic indicates
that we are still in an ice age. Most of
the vast grasslands that encircled the
ice sheets have retreated, replaced

with wetter coniferous forests. TODAY
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HUMANS
EVOLVE

With our origins in the stars — like

everything else — and sharing a common
ancestor with the other apes, what
makes humans unique? Humans have

a capacity to innovate, learn, and share
experiences like no other species.
Through use of symbolic language, and
by sharing and building on knowledge
collectively, our human ancestors begin
to dominate the landscape.




GOLDILOCKS CONDITIONS

Modern humans evolved relatively recently, around 200,000
years ago. The ability to communicate using symbols, exchange
ideas, and build on the knowledge of earlier generations

has allowed Homo sapiens to create new levels

of complexity, and become the single most
powerful and influential species on Earth.

What changed?
A new species — Homo sapiens
— evolves with the capacity for
collective learning.



Extends range of
Homo sapiens into
colder habitats

Hunter-gatherer
lifeways

Cooking

Extended
family units

Fire-stick
farming

COLLECTIVE
LEARNING

SOCIAL
DEVELOPMENT

Symbols and
story-telling

Affects
environment
and
biodiversity

Cultural
practices and
traditions

BIOLOGICALLY
ADAPT TO NEW
ENVIRONMENT

Language



8MYA | HOMININS
APPEAR

Family connections

Much of human behaviour can be seen
mirrored in other primates, such as the
parental care given to this orangutan baby.
Orangutan young are completely dependent
on their mothers during their first decade.

3.3MYA

STONE TECHNOLOGY

SDEVELOPED

2.5MYA
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IHE PRIMATE
FAMILY

With our large brains, dexterous fingers, and highly complex social
structures, it may seem obvious that we are primates. However, the

Today, about 400 primate species have
been identified, ranging from minuscule
tarsiers to imposing gorillas. Physically

and genetically Homo sapiens clearly descends
from this order — specifically the line of
apes — yet even the apes are only a recent
branch of the tree. It took 20 million years
for the tiny ratlike proto-primate Purgatorius
(65 mya) to evolve into the lemurlike primate
Darwinwus. By this time, two major primate
lines had flourished — one leading to lorises
and lemurs and another leading to tarsiers.
By 40 mya, the anthropoid line had
appeared, and this led to monkeys, apes,
and eventually humans. These anthropoids
probably emerged in Asia, and their fossils
show that the primate face — which had a
snout — was already shortening.

ALMOST HUMAN

By 25 mya, forest environments were filled
with a diverse range of monkeys. The
tail-less Proconsul, which lived in East Africa
25-23 mya, had a mixture of ape and
monkey characteristics, and soon, many

ORANGUTAN

GORILLA

primate order is diverse, and while many species share particular
features, it has no single, defining physical characteristic.

species of true apes began radiating into
Europe and Asia. These were the first of the
modern primate species. DNA suggests that
the splits leading to orangutans and gorillas
happened around 16 mya and 9 mya
respectively, and each had contemporary
relatives, like Swapithecus in Asia and
Chororapithecus in Ethiopia. From around
9 mya, a group of huge Asian apes called
Gugantopithecus evolved, some of which may
have existed until very recently. One of
the earliest African species thought to have
led to the hominin line was Sakelanthropus
lchadensis (7—6 mya), which lived around
the same time that our ancestors are
estimated to have split from chimpanzees.
Behaviourally, early apes probably
had the same high degree of dexterity,
intelligence, and flexibility as modern
primates, and probably lived in similarly
diverse communities, featuring strong
bonds and complex communication. It
1s also likely that some of these species
used tools, just as various apes and
capuchin monkeys do today.

HUMAN

CHIMPANZEE BONOBO

orangutans
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PRESENT ;
Bonobos split from The hominin branch,
chimpanzees leading to humans
The last common ancestor
6.6 MYA between humans and
chimpanzees
Our last common <4 Our closest relatives
8.9 MYA ancestor with In evolutionary terms, our closest relative
gorillas is the chimpanzee, with whom we shared
a common ancestor some 7-6 MYA. The
Our last common common ancestor of all primates lived
15.8 Mya ancestor with

around 65 MYA.



TIMELINES

HOMININS
-VOLVE

Humans belong to the hominin branch of the primate
family tree. It is a branch that took over 7 million years
to develop and includes all modern humans, extinct
human species, and all our recent ancestors.

When tracing our roots, it is tempting to think that our “advanced”
characteristics, such as the ability to walk on two feet and use tools,
emerged as a result of a single creature becoming ever more complex.
But the truth is that early hominins were diverse, and that these traits
were shared in various combinationts by Homo habilis, the earliest
Homo species, and Australopithecus, an earlier hominin genus, and
probably evolved independently.

The fossil record is tantalizing. It reveals that slender
australopithecines (4. afarensis and A. anamensis) appeared between
4 and 3 MyA, and later diversified into more robust forms with
heavy-duty teeth. However, the earliest Homo habilis dates to
2.4 MYA, leaving a considerable gap between the species. A possible
bridge was found in Ethiopia in 2015 — a fossil jawbone, dating to
2.8-2.75 myA. The fossil matches the crucial period, and it shows
some signature Homo features, but without the rest of the skull or
any indication of the size of the brain, it is impossible to determine
which family its owner belonged to.

In evolutionary terms, a key mark of the Homo lincage was
its ability to adapt to different environments by changing its diet.
The tendency to eat more meat was crucial: this led to a greater
reliance on tools for hunting, which in turn favoured the larger
brains that evolved after 2 Mya (see pp.188—-89). This led to shifts
in social organization and ranging patterns, culminating in
the evolution of Homo erectus, probably the first global
explorer; Homo neanderthalensts, our closest hominin
relative; and finally Homo sapiens.

» The hominin family tree

Seven hominin groups, each known as
a genus, have so far been identified,
and some contain several species. The
genus Ardipithecus, for example, has
two species, Ardipithecus kadabba
and Ardipithecus ramidus.

KEY
Sahelanthropus

M Orrorin

M Ardipithecus

B Kenyanthropus
Paranthropus

I Australopithecus S. TCHADENSIS

™ Homo ' ; _
7,000,000 ya

|Round

cranium

A Australopithecus africanus
One of ten known Australopithecus
species, A. africanus was the first early
hominin to be discovered in Africa.
Dating to around 3-2 MvA, it had a
small brain but could walk upright. . ——

- ARAMIDUS

 AKADABBA
N L e
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» Sahelanthropus tchadensis
Qur earliest hominin ancestor, %
Sahelanthropus lived at the same time
as our last common ancestor with other
apes — 7-6 MYA. It was about 1m (3ft)
tall and probably walked on two feet.

Flat, apelike face
was probably
protected from
UV light by dark
pigments



» Homo erectus

The remains of H. erectus, or “upright man”,
have been found in China and Indonesia as
early as 1 Mya, and it may have survived until
50,000 vA. Its African ancestor, H. ergaster,
arose around 1.8 MYA.

_ PRESENT DAY
P.ROBUSTUS [

1,000,000 YA

P.BOISEI

P. AETHIOPICUS

Heavy brow ridge
over each eye

The beginnings
of aforehead

A Homo habilis
This member of the Homo
genus is known as “Handy

Small upper
jaw with

h“mat’;tlt(ﬁ man”, referring to its use Large,
of stone tools. prominent
nose
< Homo
neanderthalensis

This species lived in
Eurasia until it was
gradually replaced by a
| new wave of hominins
from Africa — Homo
sapiens. It finally died
out around 40,000
years ago.

THE BORDER BE TWEEN NON-HUMAN
AND HUMAN IS NOT THE SHARP ADAMIC .\

EMERGENCE THAT HAS LONG BEEN FA\/OURED.,, %

Jean-Jacques Hublin, palacoanthropologist, 1953—
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APES BEGIN TO
WALK UPRIGHT

The journey from tree-climbing apes to ground-walking humans involved
major anatomical changes throughout the skeleton. Ancient footprints
show that our ancestors already walked like humans 3.7 mya, but a further
2 million years of refinement were needed to make us into runners.

Colder, drier climates from 35 myaled to a
change from forests to more varied habitats,
including open grassland. This has long
been seen as the driving force that around
7—4 MyA made some tree-climbing apes
change into “bipedal” animals that walked
primarily on the ground on two legs. The
reality is more complex, since some of the
oldest bipedal fossils are from locations that
were densely forested. Whatever the reasons,
however, a series of fossils offers glimpses of
the transition to ground dwelling.

ADAPTING TO THE GROUND
A good model for the starting point of the
change is Proconsul, an animal close to the
base of the ape family tree. It moved by
cither running along branches or climbing,
using hands and feet to grasp tree limbs.
Some fossils from 7 MyA onwards show a
marked contrast. These are the hominins
(see pp.184-85), the group to which humans
belong. The oldest, Sahelanthropus, already

shows evidence of an upright spine, since the
entry point of the spinal cord into the skull is

on its underside, not the back, as in today’s
apes. Soon, another hominin evolved with
more distinctly ground-dwelling features.

This was Ardipithecus ramidus, which lived in

» Ancient footsteps
An adult and child
Australopithecus
afarensis made these
fossil prints 3.7 million
years ago in what is now
Laetoli, Tanzania. The
3-D contours of the
imprints, compared to
those made by modern
humans, suggest that
they walked with a
humanlike gait, not
the rocking, bent-
knee gait of apes.

what is now Ethiopia 4.5—4.3 Mya. It could
walk almost upright, but was not fully
bipedal, since its feet had opposable toes.

To become fully bipedal, hominins needed
feet dedicated to walking on the ground,
with in-line big toes and bones and tendons
forming a springy arch. Footprints in Africa,
left possibly by Homo ergaster, suggest these
features had evolved 1.5-2 million years after

» Down from the trees
The transition to bipedal
walking on the ground
can be summarized
by these three
key stages.

Quadrupedal adaptation
favours life in trees

Proconsul was one of the earliest apes,
found in Africa. It lived 23 million years
ago in dense tropical forest, used
quadrupedal (four-legged) locomotion,
and was a good climber. But the lack of
a tail showed that living in trees was
becoming less important.
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the famous Laectoli prints (see below). Now,
H. ergaster and other Homo species had
become capable runners. They had a short,
wide pelvis that centred the torso above the
hips, an S-shaped spine to absorb vertical
shocks, and thigh bones angled inwards
towards the knees that improved balance
and gait. By 1 MyA, hominins were striding
across most of Africa, Asia, and Europe.

Densely forested
jungle habitat

Strong,
opposable
big toe

Long, —

curved
fingers
favour ]
grasping ~  Smallfoot
bones give
flexibility

Hand Foot



250,000YA | HOMO SAPIENS
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135,000 YA | FIRST USE
OF SYMBOLS

110,000YA

» A cooler, less predictable planet

The analysis of core samples from ice
sheets (see pp.174-75) and deep-sea
sediments have shown that over the last
6 million years, Earth’s climate has not
only cooled but has also become more
variable. The emergence of new hominin
species seems to coincide with the rising
variability, suggesting that they diversified
due to the pressure of environmental
change. The adaptability of the hominin
skeleton may have enabled individuals to
live in a wide range of habitats, whether
open or wooded, wet or dry.

High

KEY

B Warm period

1 Interglacial period of Ice Age
1 Glacial period of Ice Age

GLOBAL TEMPERATURE

,_
]
3

LASTICEAGE
BEGINS

45,000 YA | EARLIEST PAINTED
CAVEART

WARM PERIOD

12,000YA | LASTICE
AGE ENDS

ICE AGE

5

THE ARCHAIC HOMININ
SAHELANTHROPUS MAY
HAVE WALKED UPRICHT
7 MILLION YEARS AGO

Open woodland habitat

branches
Feet adapted to grasping
rather than walking

Fingers
still long
Ardipithecus ramidus was much and curved
closer anatomically to a human than
Proconsul. Ardipithecus ramidus
had long arms and a grasping foot

that enabled it to climb in the

Robust

Flexible foot bones

. i ted
forested environments that ‘;Vc;':: jfeﬁgﬁ{vﬁhen
it seems to have preferred. Hand Foot  bipedal

APES BEGIN TO WALK UPRIGHT

Splayed big toe
could grasp

4 3 2

AGE (MILLIONS OF YEARS BEFORE PRESENT)

Feet adapted
to walking on
open ground

Homo ergaster stood as tall as a modern human. It
was fully bipedal and its arms were shorter than those
of its forest-adapted ancestors. It could cover ground
efficiently in open grassland, with hands free to carry
tools. A few fossils of its hands and feet have been
discovered, and they seem to have approached those
of modern humans in form and function.
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Savannah habitat
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Big toe
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A Meat-fuelled minds?
This Palaeolithic cave
painting of a bison is
from Altamira in Spain.
Some theories propose
that the switch to a diet
including meat was

the catalyst for the
growth in brain size
among hominins.

GROWING A
LARGER BRAIN

Biologists have studied differences in brain size and intelligence across
the animal kingdom for over a century. The trend towards increased
primate encephalization (brain mass relative to body size), most
dramatically seen in Homo sapiens, is clearly an adaptive feature.

Understanding why and how we developed
alarge brain — an organ that requires lots
of energy to grow and maintain — involves
considering many aspects of our evolution.
Brain size relative to body size seems to be
important: when compared with primates
and other mammals, humans stand out

with our globe-like, inflated skulls enclosing
huge brains for our overall bulk.

FOOD FOR THOUGHT

One theory for increasing brain size ratio in
hominins relates to changes in diet. While a
few primate species, including chimpanzees,
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regularly consume meat, this is usually in
very small amounts. In comparison, the
hominin archaeological record shows that
the gut shrank over time as eating meat
became more common, indicating that
fewer hard-to-process plant foods were
consumed. Did extra calories and fats
from meatier diets, and eventually cooked
foods, feed our energy-hungry brains, and
even drive their evolution? While there
undoubtedly was some impact, the timings
don’t quite add up. Stone-tool technology,
which emerged over 3 million years ago,
gave hominins better access to the high-
energy foods within animal carcasses.

But over the million years between the
first australopithecine tool-makers and
early Homo, the increase in brain size was
quite small, only about 100cm’® (6 cu in).
Not until 500,000 years ago, in Homo
heidelbergensis, had brain capacity doubled.




250,000YA | HOMO SAPIENS

APPEARS

THE SOCIAL BRAIN

More recent theories consider not only the
brain’s overall size, but also how its different
parts changed over time, including areas
vital for communication, visual processing,
planning, and advanced functions such as
problem solving. Of particular interest is
the link between the size of the neocortex
(the outer part of the brain) and social
intelligence. The neocortex is involved in

PRIMATE BRAINS ARE NEARLY
TWICE AS BIG AS THOSE OF
SIMILAR-SIZED MAMMALS

many brain functions, ranging from motor
control to perception, consciousness, and
language. Primates with a proportionately
larger neocortex live in bigger social groups,
suggesting that the neocortex provides the
extra “processing power” the brain needs to
keep track of relationships between many
individuals. But it’s not just about numbers:
primate social life involves predicting and
even manipulating the behaviour of others.
When social networks increased in size in
hominins, this required even greater
investment in the brain.

These ideas link to other aspects of brain
size noted across different species. Animals
with larger eyes, for example, tend to have
bigger brains, implying that greater visual
acuity needs more processing power. In
hominins with increasingly complex social
lives, a highly developed visual sense enables
individuals to not only find food and detect
predators, but also to determine the precise
direction of another’s gaze and observe
subtle gestures.

Brain a third
of the size of
Homo sapiens’

Larger brain, ina
creature probably
eating more meat

135,000YA

FIRST USE
OF SYMBOLS

110,000YA | LASTICEAGE

BEGINS

Bigger-brained species, from mammals

to birds, also tend to show greater levels of
self-control. They are able to resist impulses
and delay satisfaction, and instead reflect
on other courses of action, based on
previous experiences. While in primates
levels of self-control do not necessarily
increase with a social group’s size, greater
self-control may have helped hominins

to follow rule-based social strategies for
managing status and “getting ahead”

in social groups.

COMPLEX ANSWERS

Ultimately, developing larger brains may
have been the result of many competing
pressures on hominins, which cumulatively
demanded greater levels of processing
power. Questions about diet are important,
but perhaps the gradual broadening of the
hominin diet is more crucial than just the
introduction of meat. As well as plant foods
and meat, “specialized” foods such as fish
began to be exploited by early Homo nearly
2 million years ago, evidenced by the
cating of catfish and turtles at Koobi Fora,
Kenya. Wider foraging, and especially
increased tool use, required a larger base of
motor skills, memory, and overall greater
flexibility. In many cases these were

6o
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AGE ENDS

probably cooperative activities, relying on
the ability to learn, have self-control, and

engage in intense social networking.
While there may be diverse reasons
behind our increased brain size over the
past 20,000 years, human brains have
actually started to shrink again. It may
be that a better understanding of brain
function among Homo sapiens will show
that intelligence is determined not just by
brain size but by smarter wiring too.

A The social brain
Today the indigenous
San people of the
Kalahari work in tightly
bound social groups,
just as other hunter-
gatherers usually do.
This facility for complex
interaction was only
made possible by the
development of a
larger brain.

THE BRAIN IS A MONSTROUS, BEAUTIFUL MESS. [T5
BILLIONS OF NERVE CELLS... LIEIN A TANGLED WEB THAT
DISPLAYS COGNITIVE POWERS FAR EXCEEDING ANY

OF THE SILICON MACHINES WE HAVE BUILT TO MIMIC T,
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Brain larger than
Homo sapiens’, but not
necessarily smarter

Largerstill,ina
creature that first
harnessed fire

P

William F. Allman, journalist, 1955 —

Smaller human
brain, perhaps more
efficiently arranged

S
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< Evolution of

the hominin brain
Over the last 7 million
years, the hominin
brain has tripled in
size, with most of that
growth occurring over
the last 2 million years.
Measurements of
ancient brains are
based on the size of
skull remains, some

of which preserve
casts of their interiors.



8MYA

HOMININS
APPEAR

3.3MYA

STONE TECHNOLOGY
IS DEVELOPED

2.5MYA | GENUS HOMO

APPEARS

300,000YA | FIRST WEAPONS

WITHHANDLES

o

» The Neander Valley
The Neanderthals take
their name from the
Neander Valley, near
Dusseldorf, Germany,
where some of the
earliest fossil remains
of the species were

foundinacavein 1856.

THE

NEANDERTHALS

The Neanderthals are just one of our close hominin relatives, but for
centuries they have played a special role in our understanding of human
history. Studying these ancient people, who were successful for so long,
has transformed our view of ourselves.

The branch of the hominin tree that led

to the Neanderthals and Homo sapiens
appeared around 600,000 years ago,

and the carliest examples of “Neanderthal-
like” features appear nearly 400,000 years
ago. These are revealed in a wealth of
Neanderthal fossils — one of the largest
collections for any hominin species — which
includes parts of more than 275 individuals,
and some reasonably complete skeletons.
Anatomically, they differed from us in subtle
ways, having slightly larger skulls, less
prominent chins, but bulkier eyebrow ridges.
There were also differences in tooth shape.
Neanderthals were typically shorter than
Homo sapiens, and they had more rounded
chests, differently proportioned arms and
legs, and larger fingertips. When dressed,
however, they would have looked very
similar to us.

WIDE-RANGING HUNTERS
Neanderthals are often depicted as Ice Age
creatures, but their range was far greater
than this. They lived through cycles of both
glacials and interglacials (some even warmer
than today), and were just as much at home

in deciduous forests as in open steppe-

tundra. Many hundreds of Neanderthal sites
are known, in places as far flung as Wales,
Israel, Siberia, and Uzbekistan. It is difficult
to establish which sites are the most recent
due to dating complexities, but it seems that
the last Neanderthals lived about 40,000
years ago.

As to their fate, they are no longer
considered “extinct”, since analysis of
nuclear genomes shows that humans and

INJURIES ON' NEANDERTHAL
SKELETONS FOLLOW A
PATTERN SIMILAR TO THAT OF
MODERN-DAY RODEO RIDERS

Neanderthals interbred repeatedly at
different times and places. There is probably
more Neanderthal DNA surviving in the
world today — in humans — than there ever
was when Neanderthals walked the Earth.
Another transformation has been in
our view of the culture and cognitive
capacities of Neanderthals. Their stone
tools were far from crude or unchanging,
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A Eagle talon jewellery?

These eight eagle talons, about 130,000 years
old, were found in a Neanderthal cave in Croatia.
While it is not clear if they were strung together,
one bears a mix of blended mineral pigments.

instead showing regional diversity and
development over time. They made blades,
the earliest multi-part tools, the earliest
synthetic material (birch bark adhesive),
and various wooden utensils. They were
undoubtedly top hunters too, with a diet
that varied according to where they lived
and included many plants and small

game such as tortoises.

The fact that humans repeatedly had
relationships with Neanderthals, and that
the resulting children survived, suggests
that cognitively they cannot have been alien.
They used red and black pigments, collected
shells, and had a unique interest in the
feathers and claws of birds, especially large
raptors. On the other hand, there is no
Neanderthal art that matches the work of
carly Homo sapiens in Africa and Asia, and
this could point to a difference in cognitive
ability. As for their disappearance, the
reasons are likely to have been myriad and
complex, including competition for food,
climatic stress, and disease.

» Another kind of human
The Neanderthals were
remarkably similar to Homo
sapiens, with whom they
bred for thousands of years.
Up to 50 per cent of their
DNA may survive in
humans today.
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Other than the lower jaw, the skull was
missing. No fragments were found,
which suggests that it was probably

removed by erosion

The ribcage shows that Moshe had a barrel-
shaped chest and large lungs. It was thought
that European Neanderthals had developed
big lungs as an adaptation to the cold. Living in
cold climates consumes a lot of energy,
requiring more oxygen to fuel energy-releasing
reactions in the body; large lungs also help to
warm and moisten inhaled air. But since
Moshe lived in the more-temperate eastern
Mediterranean, some scientists now discount
this theory. They suggest that the large lung
size was an existing anatomical feature,
inherited from earlier African hominins, that
equipped Neanderthals for a high-energy
hunting lifestyle. It probably did, however, help
them to colonize the cooler parts of Europe.

Neanderthal anatomy

Thick bones and large joints
show that the arms and hands
were muscular and powerful

The teeth are heavily worn;
Neanderthals may have used
their teeth like a vice to help
them hold animal skins or other
objects as they worked

The relatively complete ribcage
enabled scientists to
reconstruct the shape of the
thorax (chest area) from the

Dating techniques

Archaeologists employ a range of
technigues to date remains. Two of
these, thermoluminescence (TL) and
electron-spin resonance (ESR), measure
the amount of radiation damage, in the
form of electrons, that accumulates in a
material over time from background
sources and cosmic rays. While TL is
used on stone tools, ESR is applied to
human and animal teeth. Tests on burnt
flints and gazelle teeth found at Kebara
indicate that the skeleton is around
60,000 years old.

A technician conducts TL analysis of a specimen

Kebara 2
hyoid bone

' Laid to rest

Skeletons with articulated (connected) bones
and which are found in distinct contexts, such
as pits, are suggestive of intentional burials. In
Moshe’s case, the body parts present were mostly
still correctly joined together, and delicate bones,
such as the hyoid, were unbroken. There were
no carnivore marks, so the body had not been
scavenged or dragged to its resting place by an
animal. Body posture and the fact that the flesh

A Unique hyoid

Moshe’s hyoid bone is virtually identical to that
of Homo sapiens. In modern humans, this bone,
which is rooted in the cartilage surrounding
the larynx, anchors the throat muscles that
facilitate speech. The Kebara hyoid raises the
possibility that Neanderthals may also have
had language capabilities (see pp.202-03).

seems to have decomposed in situ also imply
that Moshe was deliberately placed in the pit
after his death. Since no grave goods were found,
we cannot infer that there were any rituals (see
pp.218—19) associated with the burial.
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HARD EVIDENCE

KEBARA

NEANDERTHAL

Remains of up to 17 individuals were
found at Kebara. They included an
infant, known as KMHI or Kebara 1,
discovered near a wall in what may have
been a midden. The adult, called
KMH?2 or Kebara 2, was lying on its
back in a pit, with one arm across its
chest and the other across its abdomen.
Bone growth, dental wear, and the
shape of the pelvis showed that it was a
male aged 25-35. Nicknamed “Moshe”,
he was about 1.7m (5ft 7in) tall — slightly
taller than the average Neanderthal.
Although the skull and most of the legs
were missing, the skeleton provided the
first full sets of Neanderthal ribs and
vertebrae, the first complete pelvis, and
the only Neanderthal hyoid bone, which
enables speech in modern humans.

A clue to diet comes from chemical
analysis of the ratio of carbon to
nitrogen in bones. Neanderthal bones
have a higher proportion of nitrogen,
indicating they ate a lot of meat, similar
to carnivores such as hyaenas and
wolves. This 1s supported by the many
gazelle and deer bones at Kebara that
bear the cut marks of butchery and
signs of burning.

Burial site

Moshe’s body lay in the cave’s
main living area, which had the
greatest concentration of hearths
and animal bones. It was found in
a shallow grave cut into the thick
black hearth deposits. The grave
contained a yellow sediment that
differed from the surrounding
hearth layer. This is evidence that
the pit had been filled in after the
body was placed inside it.

Kebara Cave, where Moshe was found
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KEBARA NEANDERTHAL

In 1983, a well-preserved skeleton of an adult Neanderthal was
uncovered in Kebara Cave on Mount Carmel, Israel. Such
physical remains, whether fossilized or not, are treasure troves
of information about our hominin relatives.

Recent isotope studies and analysis
of Neanderthal teeth reveal new
information, showing plants may
have been consumed more often
than scientists once thought. Plant
remains in Kebara cave, including
charred peas in hearths, suggest
these Neanderthals consumed a
range of wild legumes, grasses, seeds,
fruits, and nuts, though in what
quantities we cannot be sure.

While Moshe’s bones show no
evidence of injury, many
Neanderthals had healed fractures,
possibly sustained when hunting large
animals at close quarters. As well as
being an indication of health, signs of
disease and injury can sometimes
suggest some level of care between
group members. Shanidar 1, a male
Neanderthal from Shanidar Cave,
Iraq, had received a blow to the skull
that probably blinded him and
perhaps caused brain damage; he also
had one withered arm and had lost his
other forearm entirely. He could only
have survived to his estimated
age of 40—45 years with the help of

others in his community.
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¥ Spreading around the world
Archaeologists use the distribution of
hominin skeletons and artefacts such as
tools to reconstruct routes of dispersal.
The routes and timings are constantly being
refined as more evidence comes to light.

KEY
—_———
Dispersal route

of Homo sapiens

® Homo sapiens
@ Homo habilis
“ Homo erectus

® Denisovans

Misliya

® Homo antecessor Cave
® Homo floresiensis Skhul
. Cave Qafzeh
Unknown species Cave
Neanderthals Kebara
Tabun

Happisburgh
Pontnewydd @ Feldhofer
*o

Pestera
cu Oase

Saint Cesaire ®

Gran Dolina @
k‘

[ ]
Saccopastore

Gibraltar caves

180,000-70,000 ya

®
Dar es-Soltan

Gorham’s Cave This limestone
cave contains evidence of some

of the most recent Neanderthal
occupation, dating from about
28,000 years ago. It is now on the
Gibraltar shoreline, but when first
inhabited, 55,000 years ago, it was
about 5km (3 miles) inland.

Blombos
Cave

This cave contains a remarkable
record of life about 75,000 years ago
—its inhabitants made art using ochre
and ate a diet that included land
animals, fish, and shellfish

44,000-41,000 ya

Herto @

120,000 YA

Red Deer Cave people Fossils found at
Maludong Cave in southwest China are
remarkable because they seem to be from
a species of human that is found nowhere
else. Once thought to be no more than
14,500 years old, new dating suggests
they are at least 100,000 years older.

25,000 YA

The Levant was one of the routes
out of Africa taken by early
hominins — some species appear
to have moved in and out of here Mal’
al'ta

as the climate fluctuated R .
Okladnikov Denisova o
s

/' Cave
Neanderthal and Denisovan

fragments of bones and teeth,
dated at 110,000—-30,000 va,
have been found here

® Ust’Ishim

Fossils of a
subspecies of Homo

erectus provide
evidence of the first

® Mezmaiskaya

35,000 ya

® Dmanisi Teshik-Tash phase ?rfoiilsg\?:fcaal ).(u..j.iayao $
Shanidar Cave Zhoukoudian £
i Lantian
@ Nanjing

Fuyan Cave
Maludong Cave L

120,000-80,000 vA

Callao Cave

Sulawesi

Liang Bua
®a Wolo Sege

Homo sapiens
were the first
species of
humans to
reach Australia

55,000 ya

Olduvai Gorge This vast ravine in northern

Tanzania was formed as a stream cut downwards
through lake deposits, volcanic ash, and lava flows.
Not only do the layers contain the remains of several
hominin species, they can also be accurately dated,
providing a valuable record of human evolution spanning
a period from about 1.75 mya to 15,000 years ago.
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AT ABOUT 1M (3FT 3IN) TALL, THE HOMININS
DISCOVERED AT LIANG BUA CAVE IN FLORES,
INDONESIA, ARE THE SMALLEST EVER FOUND

Bering Strait For much

of the last 2 million years,
North America and Asia
were linked by a landmass
called Beringia. But for
much of that time, the
route across it was blocked
by vast ice-sheets.

22,000 YA

Y

@
Calgary

FARLY HUMANS)
DISPERSE

o
Anzick Meadowcroft @
@ Child
Paisley
5-Mile =
Point

The first hominins were found only in Africa. Helped
by the ability to adapt to new environments, the various

L

species of the genus Homo dispersed around the world : .
. . ) uttermilk Creek
and inhabited almost all parts of Earth’s land surface. Complex

Early humans probably dispersed from their African savanna © s

habitat in at least two phases. The first of these may have begun

about 2 million years ago, resulting in fossil finds of a species similar

to Homo habilis at Dmanisi, Georgia, dated at 1.8 million years old.

The same dispersal may also account for fossil finds in China and

Indonesia dated at 1.6—1.1 million years old, although these are

more similar to Homo erectus. A later phase of dispersal followed.

This led to the occurrence in Europe of Homo antecessor in Spain /
-~y  and Britain at least 900,000 years ago.
- These two phases of dispersal placed hominin species in Africa,

Huaca Prieta @ 39

Asia, and Europe. The populations diversified and new hominin Pedra Furada

species developed. For example, between 400,000 and 300,000 years ik
ago, Neanderthals originated in Europe and, simultaneously, other R @

species, such as the Denisovans, were emerging in Asia.
At some time before 180,000 years ago, groups of modern humans ~ Fossilized footprints Cueva Bautista ®
A H ons) left Aft ine first into Asi d later into E discovered in White Sands
(Homo sapiens) left Africa, moving first into Asia and later into Europe. National Park in New Mexico  Well-preserved remains
¥ : . : . p
8 The demanding sea crossings to New Guinea and Australia were made provide the oldest evidence atd thisfsite inclhqge
¥ by 55,000 years ago, althoughcolonization of the Americas appears to of the presence of Homo N Coverings of huts.
, have happened by 21,000 years ago, and probably before 23,000 when SEPIERS [0 NEiD AGSTE: f;]eq{icif]éﬂ P'antsf'lfnd the
. . . . Irstevidence or numans
- the ice caps blocking access from Beringia developed. using potatoes
Compared with earlier hominins, modern humans dispersed
relatively quickly. Adapting to new environments required them to Monte Verde
exploit new sources of food, adjust to colder, more seasonal climates,
and withstand climate change. Crucial to their survival were the 14,800 va

abilities to invent new technologies, learn new skills, and exchange
resources and information.
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ANCIENT DNA

Over the past decade, advances in analyzing ancient DNA — the genetic
material found in cells — have revolutionized our understanding of
human evolution and led to some surprising discoveries.

DNA (deoxyribonucleic acid) is a very long “dead-ends™: an individual from Ust™-Ishim,
molecule made up of small individual units.  Siberia, dated to 45,000 years ago, had
DNA is found in the cells of all living things.  Neanderthal ancestry but did not

The order of the small units is like a set of contribute genetically to later Homo sapiens
coded instructions, genes, that determine populations. Similarly, there were at least
the characteristics of an individual. four large population replacements in

The oldest DNA so far obtained is from Europe between the earliest Homo sapiens

400,000-year-old Neanderthals at Sima colonizers and modern times.

de Los Huesos, Spain, and suggests Homo We have only just begun to decipher
sapiens split from other ancient hominins the details of this ancient DNA and
between 760,000 and 550,000 years ago. understand how genetic differences
This and other samples show that Eurasia between species impacted on their —

was always a melting pot, and that globally ~ and our — success. As techniques

there was more interaction and breeding advance and early DNA is decoded,
between ancient groups and with Homo especially from African and Asian
sapiens than we previously suspected based remains, we can expect to unlock
on evidence from fossils and archaecology. more secrets about our origins,
One 40,000-year-old human from Oase,  migrations, and unique genetic @
Romania, may be as few as four generations  adaptations, and also uncover
removed from a Neanderthal ancestor. further links between different 4

Other branches of our family were genetic branches of the hominin tree.

’ Mitochondrial DNA

We inherit mitochondrial DNA (mtDNA)
from our mothers. This type of DNA is found

notin the cell nucleus but in other cell
structures called mitochondria. Since

mtDNA only traces the maternal lineage,

Maternal lineage of mtDNA

studying samples from many thousands of &J : ¢
people has enabled scientists to construct a

genetic “family tree” that indicates a common ' ‘ ‘
female ancestor for everyone alive today.

This “Mitochondrial Eve” had many ;J ;J
contemporaries, but they did not contribute

=3 to our mtDNA. She lived

= between 200,000 and

100,000 years ago, and
was probably African ;
mtDNA is or one of the earliest
CL'C”'a”“ Homo sapiens to
shape colonize Eurasia. Mitochondria are small

capsules inside cells where
sugar is oxidized to release
is present in energy for use in the cell.

Each one has its own DNA
MTDNA people today containing 37 genes that

allow it to function

Only one female
mtDNA lineage
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Nuclear DNA lineage Most DNA is located within the cell nuclleusA
Both parents pass on nuclear DNA to their

offspring, so this type of DNA reveals much
more about the relatedness of species,
genetic differences, and adaptive traits.

l: L# v :l Recent studies have shown that during early

dispersals from Africa, Homo
i ‘ ‘ ‘ sapiens populations interbred

with hominins already living in

* * Eurasia, but at different times and
places, leaving living humans with
varying amounts of their DNA.
Genes from Neanderthals and

other hominins probably aided

our survival and eventual global
success, such as by improving our
immunity and metabolism.

Double-helix structure
Both sets of

parental DNA
present today NUCLEAR DNA

’ Extracting DNA

Archaeologists extract DNA from teeth,
bones, and mummified tissues. Mitochondrial
DNA is easiest to recover intact: there are up
to 1,000 mitochondria in every cell, each with
5-10 copies of the short mtDNA strands. The
much longer strands of DNA in a cell’s single
nucleus are more likely to degrade over time
and with changing soil temperature. Often the
best chance of recovering nuclear DNAis from
dental cementum — the mineralized outer layer
of the tooth root. This is because the hard
mineral matrix helps to preserve any cellular
material trapped within it.

Discovering the Denisovans 7-

e e W YRR 9 v O O S ¢ " n 2010, DNA analysis of a 70,000- to Bone
s - e : e N4 ! 50,000-year-old fragment of a girl’s finger fragment
N bone from Denisova Cave, Siberia, revealed a
B mystery hominin population. The ‘Denisovans”
had brown eyes, hair, and skin, and
were close relations of Neanderthals in
Eurasia. More individuals at Denisova were
identified, some tens of thousands of years
older, and in 2016 a remarkable discovery was
made: one girl had a Denisovan father and

a Neanderthal mother. Living people from
non-African backgrounds have varying
proportions of Denisovan DNA, up to 4 per
centin Melanesia. It is likely only some early
Homo sapiens populations interbred with

the Denisovans, probably in Asia.

Nucleus, the cell’s
control centre,
contains 20,000
to 25,000 genes

Size of Denisovan bone fragment
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» Herto skull -
This skull from Herto, v, S
Ethiopia, shows slight \ -
differences to others -

from early Homo sapiens.

Some anthropologists i
suggest it represents s 5

a subspecies, Homo ;
sapiens idaltu.

Typical steep forehead

The brow ridges are

more pronounced
than on most Homo
sapiens skulls

SIDE VIEW

Globe-shaped skull
is a little longer than
usually seenin
Homo sapiens

Homo sapiens have
relatively small jaws
and teeth for hominins

Large, high, rounded
skull to accommodate

increased brain capacity ‘ ‘
WE CAN SEE THE FOCUS, THE CENTRE OF EVOLUTION,

swor e FOR MODERN HUMANS IN AFRICA APPARENTLY
MOVING AROUND FROM ONE PLACE TO ANOTHER,
DRIVEN BY CLIMATE CHANGES.

99

FRONT VIEW Chris Stringer, anthropologist, 1947 —
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Of all the hominin species, and all the variants of genus Homo, only

Homo sapiens remains today, having

last ice age. It did so thanks to its unique anatomy, which came
together in Africa nearly 200,000 years ago.

The distinctive “package” of anatomical
features that identify living people today
as Homo sapiens developed gradually,
beginning around 500,000 years ago.
Some key characteristics include: globular
skulls, very large brains, shorter tucked-
under faces, and smaller teeth, together
with a more slender, lighter skeleton,
smaller arm-to-lower-limb proportions,
and narrower ribs. The appearance of
these modifications was complex, occurring
at different times and places, and in
different combinations, but brain size
continued to increase everywhere.

The oldest Homo sapiens fossils come
from Omo Kibish, Ethiopia. Dated to
around 195,000 years ago, the fragmented
skulls and skeletons of two individuals
show a modern morphology (form and
structure), but one has less modern features
than the other. Other early modern fossils
have been discovered at Herto in Ethiopia,
Singa in Sudan, Lactoli in Tanzania, Jebel
Irhoud in Morocco, and Border Cave
and Klasies River Mouth in South Africa.
All of these are between 200,000 and
100,000 years old and display modern
characteristics, albeit with variation
in morphology.

Skhul-Qafzeh
Jebel Irhoud ® ®

Singa @ Elcrig . . .
® Omo Kibish coincided with Homo sapiens

) . acquiring a brain size similar
> African origins _ ® to that of people living today.
Early Homo sapiens fossils Laetoli
have been found at a
variety of African sites. » Sole survivor
Genetic and skeletal Homo sapiens is the last hominin
evidence shows that species, but for long periods it
African populations were Border Cave/ coexisted with other humans,
already regionally distinct Klasies ra’e' mouth including Homo erectus, Homo

by 120,000 years ago.

survived the challenges of the

BEGINNING THE LONG WALK
By 120,000 to 80,000 years ago, carly
Homo sapiens had moved into the Middle
East and western Asia. The remains of over
20 individuals recovered from the caves at
Skhul and Qafzeh in Israel still show some
morphological differences. However, 47
distinctly modern teeth, with flat crowns
and thin roots, have been found thousands
of kilometres further east at Fuyan Cave,
Daoxian, China. It is clear from this that
we are missing fossils from large swathes
of Homo sapiens’ long journey into Asia, and
that at least some of the stone tools found
along their route in this period, such as in
India, were made by anatomically modern
people. It also makes it very likely that the
oldest stone tools in Australia, dating
back 55,000 years, were made
by Homo sapiens, since they had
already been in Asia a long time.
We cannot be sure what
stimulated Homo sapiens’ dispersal
from Africa, leading eventually to
a single global human species. It is
unlikely to have been technological
progress, since their stone tools were little
more advanced than those made 100,000
years previously. Populations may have
been increasing and climate change may
have played a part, but important
cognitive and social changes were
also taking place at the time.
Increased symbolic expression
after 150,000 years ago point
to innovations that probably

floresiensis, and the Neanderthals.
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A family affair

Unlike the young of other primates, human
children spend decades being cared for by
parents, grandparents, and friends of the
family. These prolonged childhoods provide
ample time for learning the ways of the world.
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BRINGING UP

BABIES

Changes in the human reproductive cycle played an important part
in the success of Homo sapiens. Increasing brain size probably made
childbirth harder, but it also enabled us to evolve the very culture
we need to rear our relatively undeveloped young.

Homo sapiens labours are long, painful,
and risky. Our infants are large, have
big heads, are mostly helpless, and are
born with only 30 per cent of their adult
brain size. Pregnancies would need to
be 16 months long to attain the same
development as newborn chimpanzees.
Our childhood development is also
extended, demanding high levels of care,
not just by parents, but by other family
members and friends.

To explain these complications, it
is often said that greater brain size (sce
pp-188-89) coupled with bipedalism —
which gave us narrower pelvises — created
a biological trade-off. Potentially fatal
births were avoided by limiting the length
of pregnancies, forcing babies to be born
carly. It is certainly possible that by
about 500,000 years ago, hominins were
already experiencing tricky births, and
that women may have had some level of
assistance, or at least company, during
labour. Other social primates, such as
bonobos, exhibit similar behaviour.
However, it is also true that non-bipedal
primates have a tight fit in the birth canal,
that capuchins and chimpanzee babies
have relatively undeveloped brains, and
that human gestation is actually longer

Large hip bones
support the gorilla’s
extensive gut

Baby’s head
passes through
pelvis with
room to spare

A Gorilla birth

Due to its small brain, a baby gorilla’s
head passes through its mother’s birth
canal with room to spare, making
labour shorter and less risky.

BRINGING UP BABIES | 201

than expected given our body size. It
may be that the upper limit on pregnancy
length is actually metabolic — the point at
which mothers can no longer biologically
support a growing baby.

COOPERATIVE BREEDING
Anatomical changes also affected how we
bring up our young. As australopithecine
feet lost the “big toe™ associated with tree
climbing, infants were less able to cling to
their mothers, and required greater care.
It is possible that the exploitation of animal
skins may have been driven more by the
need to make baby slings and wraps than
a need for warm clothing.

Although the length of time spent
breastfeeding was probably comparable
to that of other apes — lasting several years,
as it does today — the greater demands
of a hominin infant may have promoted
the evolution of cooperative breeding,
by which several adults bring up a child.
The role of non-related adults and older
generations in caring for children probably
became important too, creating a rich
environment in which experienced
individuals could be observed finding food
and making tools — vital skills that were
then passed on to the next generation.

Small hips centre
the human torso for
walking on two feet

Large head must turn
sideways to pass
through birth canal

A Human birth

12,000YA

LASTICE
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| | | [ . | | | J - | [ - | | | | [ | .I- '

The head of a human baby must rotate
to descend through its mother’s birth
canal, making childbirth longer and

more painful.
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HOW LANGUAGE

EVOLVED

Many animals call to each other with sounds that stand for “Danger!”,
“Food!”, or “Here!”, but only humans can think conceptually — can talk,
for example, about the nature of food or danger. For this, language had
to evolve, and with it came story-telling, information-sharing, and our
first attempts at understanding the world.

In evolutionary terms, the ability to
speak emerged as a result of the hominin
larynx lowering in the throat, enabling
our ancestors to produce more diverse
sounds than those of any other primate.
The biological price of this was high,
as an elevated larynx had enabled us to
breathe and swallow simultaneously; now,
we ran the risk of choking when we ate.
At the same time, the hyoid bone, which
connects the larynx to the root of the
tongue, also changed position in a
way that helped facilitate vocalization.
Judging from the fossil record, this
happened between 700,000 and 600,000
years ago, as Neanderthals and probably
our common ancestor both had a
“modern” hyoid bone. Our exceptional
breath control, essential when speaking,
also seems to date from this time.

Casts of fossil skulls show that
Neanderthals had structures in the brain
that were equivalent to our own “Broca’s

TODAY THERE ARE NEARLY
7,000 LANGUAGES, BUT EACH
USES ONLY A SMALL NUMBER

OF THE SOUNDS THAT A

HUMAN BEING CAN MAKE

area”. This area is vital to speaking

and understanding language, and to
perceiving meaningful gestures. Indeed,
gestures may have been key: studies show
that chimpanzees repeatedly use hand
signs when vocalizing, indicating that
carly language may not have been purely
vocal. However, the functions performed
by different parts of the brain can change
over time, so even if other hominins had
brain structures similar to ours, they may
not have been used for language.

1. Wernicke’s area
deciphers speech

300,000YA | FIRST WEAPONS

WITHHANDLES

3. The motor cortex
controls the muscles
used in the response

2.Broca’s area
plans the
response

5N

~
= .
Yag

Tongue

Hyoid bone

i)'
4. Mouth, tongue, 4/ q% Larynx

and throat articulate —
the response

A How humans process speech

The emergence of speech required the evolution
of several key stuctures in the throat and brain.
This included the hyoid bone, which is vital in
producing varied vocal sounds.

SYMBOLS AS EVIDENCE
The artefacts left by our ancestors are better
forms of evidence. Among the most striking
are those created by early Homo sapiens in
South Africa between 100,000 and 50,000
years ago. At Blombos Cave, for example,
red ochre blocks were shaped and carefully
covered with delicate cross-hatch designs
(see p.207). Even more impressive are the
ostrich eggshells found at Diepkloof Cave,
also in South Africa (see p.208). These were
engraved with complex geometric patterns
that show changes over time, hinting at
shifts in meaning. Very much older than
these, however, is a seashell from Trinil,
Indonesia, which bears the incised zig-zag
markings of a Homo erectus who lived some
540,000-430,000 years ago (see p.206). It
reveals that the common ancestor of several
hominins used graphic symbols, and so had
probably developed language — a fact that is
supported by anatomical evidence.

Another type of symbolic evidence comes
from personal ornaments, which often
communicate social meanings — for instance,
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about personal status or group affiliation —
which can only be established through
language. For example, the first use of shell
beads occurs at the same time as engravings
become more more common: shell beads
from Bizmoune Cave, Morocco, are older
than 142,000 years, while those from Skhul
Cave in Israel date from 135,000-100,000
years ago. At Blombos, too, groups of beads
were excavated from layers dating from
around 80,000 years ago, many showing
areas of polish that suggest they were strung
together, possibly as necklaces. The markings
also show that the arrangement of the beads
changed over time, suggesting not only that
they were symbolic, but that their meanings
evolved, like those of the Diepkloof eggshells.

FROM SYMBOLS TO STORIES

Taken together, the evidence shows that
Homo sapiens had evolved symbolic culture
and language by 70,000 years ago — and
that Neanderthals did this independently.
However, the evidence for language being
used in narrative, story-telling sense comes
later. The most ancient dated painted scene
1s more than 45,000 years old, from Liang

135,000YA | FIRST USE

OF SYMBOLS

110,000YA | LASTICEAGE

BEGINS

Tedongnge, Sulawesi, and features a
closely-observed warty hog, together with
“negative” hand images. In Europe, the
Lion-man ivory statue from Hohlenstein-
Stadel, Germany (see p.208) was carved
around 40,000 years ago. It merges a lion’s
head with a human body, indicating both
an imaginative leap by the artist, and a
narrative to give it meaning,

A striking example of Palacolithic
narrative comes from the Sulawesi site of
Liang Bulu’Sipong 4, showing hunters
encountering a dwarf buffalo, and warty
hogs. Dating to over 43,900 years ago, this
is more than twice as old as the famous
Lascaux bison scene from France, featuring a

60

45,000 YA | EARLIEST PAINTED

CAVEART

charging bison, a man, and a bird, and which
only makes sense in a story-telling context.
This and other examples indicate that rich
oral traditions, full of meaning and
symbolism, were part of Palacolithic life.

A COMPLEX TRAIN OF THOUGHT CAN BENO
MORE CARRIED OUT WITHOUT WORDS... THAN A
CALCULATION WITHOUT THE USE OF FIGURES.
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Charles Darwin, The Descent of Man, 1871

12,000YA

LASTICE
AGE ENDS

< Almost talking
Campbell’s monkeys
from lvory Coast seem
to be on the verge of
speaking. They have

a “proto-syntax”
composed of alert
calls, which they use to
communicate detailed
information —such as
what type of predator
is coming and how it
was detected.

4 The birdman

of Lascaux

Dating from around
17,000 years ago,
this strange image

of a man —apparently
dressed as a bird — being
charged by a bison is
probably evidence of
story-telling. It may
also show a shamanic
experience.
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» Sharing information
Today, the San people
of the Kalahari make
fire using knowledge
passed down for tens
of thousands of years
by their forebears.

The emergence of language set Homo sapiens apart
from other species: with language came the ability
to share and store information across generations.
This ensured that new generations could know more
than the last, and so be more effective in the world.

The practice of sharing and storing
information is called “collective learning”.
At its simplest, this means that we only need
invent the wheel once, for that knowledge
can then be stored and shared publicly. The
alternative is to imagine us as a group of
networked computers. Without the network
— without connectivity — how could human
history unfold?

SURVIVING COOPERATIVELY
Humans appear to be predisposed to work
together to a far greater degree than other
animals. The roots of this tendency can
be seen in primates, the majority of which

live in social groups, with strong kin

relationships and
friendships. However,
humans live in unusually
diverse societies, and our
high level of cooperation is
a unifying characteristic.
Hunter-gatherer groups, for
example, typically number between
25 and 50 individuals, but they are usually
part of extended social networks, consisting
of blood relations and other types of kinship.
Within and between these groups, food,
labour, and childcare are shared — as is vital
information about water, predators, and the
availability of food.

The evolution of this ability to cooperate
can be seen in the archaeological record.
Stone tools began to be transported
increasingly long distances around 200,000
years ago, pointing to expanding social
networks. By then, multi-part tools, such
as spears, were being made, probably
collectively. More complex versions of these,
including darts and bows and arrows may
have been made by 60,000 years ago, while
the oldest spear-throwers (atlatls) came later
and many are lavishly ornamented. The
Mas d’Azil atlatl, for example, is one of five
almost identical objects found at different
sites in the Pyrenees. Each is carved into the

» Throwing power

An atlatl, or spear-
thrower, is a device that
uses leverage to amplify
throwing power. The
spear is kept in place

by a hook at the rear of
the atlatl, and this gains
energy as the hunter
throws the spear.

L ‘ -
s .

ENERGY GAIN

ENERGY INCREASE

ENERGY RELEASE
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The Ibex seems to be
giving birth, or possibly
excreting. The projection
was needed to make a
durable hook for the spear

Hook holds the spear in
place until it is launched
by the hunter

A Mas d’Azil atlatl
Found in the Mas d’Azil Cave in the
Pyrenees, France, this exquisite atlatl, made
of reindeer antler, is an early example of
mass-produced art. Its mysterious symbolism
was briefly common in the region, proof of
shared story-telling devices.

shape of an ibex, demonstrating a common
artistic tradition, and probably some level
of apprenticeship. Moreover, an atlatl, like
a bow, 1s a “tool for using a tool” —in this
case a tool for propelling spears — which 1s
of a whole new order of complexity. It shows
that by 17,000 years ago we were adapting
ever more cleverly to our environment —
alone of all creatures through cultural rather
than genetic change. Thanks to collective
learning, human history could begin.

MULTI-PART TOOLS ARE EASIER
TO REPAIR, AND SO ARE MORE
COMMONLY FOUND IN
HARSHER, HIGHER LATITUDES
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0o

A GROUP CAN POOL THE HARD-WON .
DISCOVERIES OF MEMBERS, PRESENT AND
PAST, AND END UP FAR SMARTER THAN

A RACE OF HERMITS.

99

Steven Pinker, cognitive scientist, 1954—

Lines represent
changes of colour
in the ibex’s fur

» Strange symbolism

There are subtle differences
between the five versions of
the Mas d’Azil atlatl, but all
share the motif of the ibex
looking back at her rear. Its
meaning remains a mystery.

The spear is held
against this side
of the atlatl

Great skill went into
hollowing out the space
between the animal’s legs,
leaving only the denser
outer cortex of the antler

FULL VIEW
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THE BIRTH OF
CREATIVITY

With the evolution of genus Homo an entirely
new form of complexity appeared — the first
to be shaped not by natural selection, but by
intelligence and design — namely culture.

Handaxe

This uniquely creative ability can be traced through
the archacological record, which itself has been through
a revolution recently. Many “first appearances” have
shifted back in time, and the popular idea that all major
innovations were made over the last 50,000 years — and
only by Homo sapiens — can no longer be supported. The
first hints of symbolic communication can be seen in
Homo erectus, and the oldest synthetic material, birch
bark pitch, was made by Neanderthals.
Opverall, however, there is a clear trend towards

increasing complexity over time, albeit punctuated

by long periods in which creativity seems to pause.

Innovations appear, flourish, and then disappear

again for tens of thousands of years, suggesting that

the complexity of a culture is determined as much

by social conditions as by innate cognitive capacity.

Engraved shell from
Trinil, Java
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» Prepared-core technology
The ability to visualize a rock Corte S_t"“‘t:k third ti tourth ti
. . . wice to a Ir Ime our Ime
as a material volumein 3D is remove two to re-prepare to produce
Top of core blades surface large point

amilestone in cognitive

development. The first such prepared by

Raw stone nodule
striking

“prepared core” method ‘
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