


EVOLUTION

Amino acids are the building
blocks of proteins that are, in
turn, the essential ingredients
of organic life (above).

The idea that all life, no matter
how complex, has descended
from microscopic single-celled
microbes that live in the sea
was revolutionary and
disturbing for many

Victorian minds (above).

Museums built to house the
wealth of new discoveries were
conceived as “cathedrals”,
where the public could worship
the newly emerging “gods” of
science and technology (right).
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THE PATTERN OF LIFE

DARWIN DEVELOPED HIS IDEAS ABOUT EVOLUTION BASED ALMOST ENTIRELY ON THE STUDY OF LIVING

SPECIES — AT THE TIME, THE STUDY OF LIFE’S LONG HISTORY AND THE FOSSIL RECORD WAS IN ITS INFANCY,

AND IT WAS SOME TIME BEFORE THE FOSSILS ULTIMATELY PROVED HIS THEORY RIGHT.

By the mid-19th century, when Darwin was developing his
theory of evolution, it was clear that there was some pattern
to the distribution of fossils throughout the rock record.
The earliest fossiliferous strata were Cambrian in age, and
dominated by sea-living invertebrates, including extinct
groups such as trilobites and graptolites. The
first fish and land plants appeared in the
Devonian, and reptiles and amphibians arrived
in the Carboniferous “coal measures” — remains
of the first extensive forests.

The Mesozoic Era was seen as the Age of
Reptiles, following the discovery of extinct
marine forms such as the ichthyosaurs and
plesiosaurs, the flying pterosaurs, and finally
the dinosaurs, which were not recognized as an
independent fossil group until 1842. By this time, it was
also known that primitive mammals had been around in
Jurassic times, and by the 1860s birds were known to have
first appeared in the Late Jurassic. The one group that did
not seem to turn up in the fossil record were humans.

In the 1820s the eminent French anatomist Georges
Cuvier had debunked earlier claims regarding the

existence of human remains (thought to be victims of

Noah’s Flood), although he had also discovered and named
the first fossil primates from Cenozoic strata in France.
Consequently, it was still possible to claim that humanity
was the result of some act of special creation by a deity.
However, by the mid-19th century there was mounting
archaeological and fossil evidence that human-like
remains occurred alongside those of the extinct animals of
the Ice Age. By 1868, the first extinct human-related
species — Homo neanderthalensis — was named, but it was
not for another 20 or so years that the fossil antiquity of
humans and the growing evidence for human evolution

was generally accepted by the academic community.

MISSING LINKS

Darwin was well aware of the nature of the fossil record in
the first half of the 19th century. His theory of evolution
required that there should be fossil evidence for ancestral
forms shared by descendent groups, because ultimately all
life has diverged and descended from a common ancestor.
But he knew only too well that such common ancestral
forms for major groups had not been found, and he blamed
their absence primarily on the incompleteness of the rock
and fossil record.

His other major problem was the lack of fossils from
Precambrian strata. Since several different invertebrate
groups, such as brachiopods and trilobites, appeared in
early Cambrian strata, they must have had ancestors that
lived in Precambrian times. Darwin admitted that their
absence was a problem for his theory, but predicted that
Precambrian fossils would turn up eventually, He was
right, though it was not until the 1950s that the first
convincing evidence of Precambrian life was found in
Russia and Canada. Since then, the record has been
extended back to at least 3500 million (3.5 billion) years
ago, providing indications that the sudden diversity of
Cambrian life is more apparent than real.

Among the most ancient remains of life are chemical

fossils, so called because all that remains of the original

cellular material are complex organic molecules that can be
distinguished from inorganic molecules. These are preserved
as particles of graphitic carbon within metamorphosed

shales from Greenland, over 3.7 billion years old .

BRIDGING THE GAPS

Modern genetic analyses of the simplest known living
organisms show that life can be separated into three major
domains. The Bacteria are the most ancient and primitive,
followed by the Archea from which the Eukaryota evolved

less than 2 billion years ago. The eukaryotes include all the
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more familiar organisms, from single-celled amoebae to
multicellular plants, animals, and fungi.

Today, Darwin’s problem with the incompleteness of
the fossil record has been largely resolved with the
discovery of many extinct fossil groups. These amply
demonstrate many major evolutionary innovations such as
the development of the tetrapod limb with the transition
from aquatic fish to land-living tetrapods, the appearance
of feathers and wings in dinosaurs and their flying
descendants the birds, and the evolution of upright bipedal

walking in our own primate ancestors.
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THE PATTERN OF LIFE

Darwin’s evolutionary
expectations that fossils of
primitive organisms would
eventually be found in
Precambrian strata were not
confirmed until the 1950s, when
microbial fossils were found in
2-billion-year-old chert from
Canada’s Lake Superior (above).

ARTHROPODS

NON HEXAPOD
ARTHROPODS
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As this chart of known present-
day species demonstrates

(leff), much of life’s variety is
concentrated in a few groups of
organisms — notably arthropods
and vascular plants. However,
when more is known about the
total diversity of life today, it is
possible that microbial
organisms will outnumber even
these groups. While life in the
past probably followed a similar
pattern, the fossil record is
heavily skewed in other
directions — towards organisms
with preservable hard parts,
such as shelled molluscs.
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EVOLUTION

The long history of the
interdependence between
insects and plants is revealed
by this bee, preserved complete
with orchid pollen in 15- to 20-
million-year-old Miocene amber
from the Dominican Republic
(above).

The cadaver of “Otzi”, a
Neolithic hunter, found freeze-
dried in a glacier in the Tyrolean
Alps, preserves not only soft
tissues, but also DNA. However,
the long-term survival of such
“protofossils” depends on the
persistence of permafrost,
which is much more ephemeral
than rock (below).

THE VARIETY OF FOSSILS

WHILE THE TRADITIONAL IMAGE OF A FOSSIL MAY BE THAT OF AN ANCIENT BONE OR TOOTH TURNED TO STONE,

THE TRUE DIVERSITY OF FOSSILS IS FAR GREATER, SINCE A FOSSIL CAN BE ANY TRACE LEFT BY FORMER LIFE

AND SOMEHOW PRESERVED — THIS INCLUDES A VARIETY OF DIFFERENT MEANS OF PRESERVATION, AND ALSO

EXTENDS TO TRACES OF THE WAY ANIMALS INTERACTED WITH THEIR ENVIRONMENTS.

Fossils provide the main evidence for the history and
evolution of life on Earth. But this simple statement hides
amore complex reality that has taken centuries to resolve.
Essentially, fossils are the toughest and least destructible
parts of organisms, although occasionally more delicate
structures and tissues are preserved, such as when an
entire body is freeze-dried in frozen ground.

Fossils vary in composition from mineralized bones
and shells, to organic molecules preserved as blobs of
bitumen, and the compressed, carbonized plant remains
that we know as coal. However, they can generally be
separated into just a few different kinds.

Chemical fossils are residual organic chemicals, such
as the bituminous biomolecules recovered from Archean
strata more than three billion years old. Generally, their
true organic nature and chemical composition can only be
resolved by sophisticated analytical equipment.

Body fossils, the remains of original tissues, are the
most common fossils, represented by countless shells and
bones, and their impressions left in the rock. Some have

been chemically altered, and a rare few preserve soft
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tissues. This fossilized skin and muscle is usually
preserved in ancient sediment when it has been replaced
by inorganic minerals, such as the apatite (a phosphate) or
pyrite (an iron sulphide).

Trace fossils are the marks left by a living organism on
or within the sediment substrate — for example footprints,
burrows and tooth or cutmarks. Most common are the
burrows, and root traces of organisms that live or grow
within sediment. Rarely is the maker of the trace
preserved, but trace fossils provide very important
evidence of certain environments such as tidal sandflats,
and can prove the existence of ancient behaviours such as
herding among certain plant-eating dinosaurs and the
meat preparation techniques of Neanderthal hunters.

As we have seen, fossils preserved in the rock record
are usually the most robust parts of an organism, especially
mineralized skeletal materials such as shell, bones, and
the tough woody tissues of plants, which can survive long
after death of an organism. As a result, the fossil record is
heavily biased towards organisms that have such tissues,

and does not fully represent the diversity of life, especially
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These trilobite arthropods, perhaps buried alive while breeding in
shallow water, were preserved by internal sediment moulds even as
their mineralized exoskeletons dissolved away (above).

among soft-bodied organisms that range from viruses and
bacteria to giant squid.

The bulk of body tissue in most organisms is composed
of water and organic compounds that degrade rapidly
following death. This organic matter also represents
potential food for other organisms. In most natural
environments any dead body is scavenged, consumed, and
biologically degraded to some degree, leaving just the hard
parts as potential fossils. Occasionally, however, a body
may come to rest in a naturally preservative medium or
location before it has deteriorated to any great extent.
Fortunately for paleontologists there are many excellent
media and circumstances under which soft tissues can and
have been preserved. These range from freeze-drying in

subzero temperatures to soaking in oil, salt, or resin.

HOW ARE FOSSILS PRESERVED?

While it is true that an entire mammoth or human can be
freeze-dried in glacial sediments with their soft tissues and
even some DNA preserved, such events are exceedingly
rare. Frozen mammoths and humans such as the 5200-
year-old Tyrolean Ice-man “Otzi” are not, strictly speaking,
true fossils, since their enclosing icy sediments are

themselves ephemeral on a geological timescale. Fossils

preserved in amber can survive for much longer, but while
organisms trapped in this ancient tree resin may seem
perfectly preserved, appearances are deceptive. During the
1990s, attempts were made to recover DNA from amber
insects, but claims of success were unfounded and did not
pass the critical scientific test of consistently reproducible
results. However, other proteins have been recovered from
fossil remains, most recently collagen from the 68-million-
year-old bones of a Tyrannosaurus rex dinosaur.

Our everyday experience of terrestrial environments
shows why it is difficult to preserve any remains of land-
living animals or plants. Our landscapes are full of animal
and plant life, but what happens when they die? How often
do we come across the bones of a bird, or even leaves
buried in soil? Deciduous plant leaves may cover the
ground in autumn, but over weeks and months they are
degraded by fungi or bacterial decay and a variety of
animals from snails to myriapods and earthworms. The
bones may survive for a year or so, but acids in the soil and
oxidation of the organic matrix soon weaken them — only
teeth, with their tough dentine and enamel, last longer.

Some biological structures do survive well in soil —
tough coated spores, seeds, and pollen that are adapted for
survival in such conditions. Indeed, such structures may
last long enough to be fossilized. Preservation of the soil
and other surface sediments requires special conditions
such as rapid burial instead of the normal processes of

surface weathering, and erosion.

FLUKES OF PRESERVATION

So how is it that any fossil record of terrestrial life
survives? And how come there are significant global
reserves of terrestrial deposits such as coal, the
compressed remains of ancient tropical forests, swamps,
and bogs? The answer to both questions is that a
combination of geological conditions has made it possible.
Deposition of sediments and their organic remains in a
generally subsiding landscape has buried them to such a
depth that they survive subsequent erosion.

However, the bulk of the fossil record consists of the
shells and bones of marine organisms that lived in shallow
seas on the continental margins, and within their waters.
Yet even ocean-floor sediments and their organic remains
are ultimately destroyed by another inexorable geological
process — subduction as a result of tectonic movements.

More than 99.9 per cent of all the life that has existed
is extinct, but fossils can give us some idea of what life was

like in the past, and how it evolved.

THE VARIETY OF FOSSILS
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EVOLUTION

Millimetre-sized shells of
single-celled organisms, such
as this foraminiferan, are
abundant in the fossil record.
They can be used as proxy
measures of past climates,
since the shells record ocean
water chemistry at the time
they were built (above).

William Buckland (1784-1856),
(above), was one of the first
people to attempt the
reconstruction of life in the past —
in this case an Ice Age hyena

den discovered in Yorkshire in
1821. His conclusions inspired
his friend William Conybeare’s
cartoon (right) showing Buckland
himself entering the cave.
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RECONSTRUCTING THE PAST

IN ORDER TO UNDERSTAND THE PROCESSES OF EVOLUTION, WE MUST LOOK AT PLANTS AND ANIMALS

WITHIN THEIR WIDER CONTEXT — THE ENVIRONMENT IN WHICH THEY EXISTED, THE FOOD SOURCES

THAT WERE AVAILABLE TO THEM, AND THE COMPETITORS AND THREATS THEY FACED. PIECING

TOGETHER A COMPLETE PICTURE OF SUCH ANCIENT ECOSYSTEMS CALLS FOR A VARIETY OF TECHNIQUES.

Today we take for granted scenes of the deep past
populated with dinosaurs and other extinct fossil animals
and plants. And, with the use of computer graphics, such
images are getting more and more superficially realistic.
However, they often use modern land and seascapes for
the background and even modern plants that are not
usually appropriate. In this book we rely on the more
traditional art techniques that give a greater degree of
flexibility, detail, and accuracy.

Even so, all such reconstructions are to some degree
imaginative fictions, since there are no visual records
beyond the 30,000-year-old artworks made by early
modern humans who saw and depicted extinct animals
such as the woolly mammoth, woolly rhinoceros, and giant
deer. Beyond this in time, we know little of the coloration
of extinct animals and plants apart from some indications
of camouflage patterning. Detailed body shapes can
be equally problematic, except through indirect

inference and reconstruction of soft tissues, using our

understanding of comparative anatomy. However, a few
spectacular new finds of soft tissue preservation, dating
back as far as Cambrian times, do provide some accurate
information about body shapes.

Over the last 200 years, enormous progress has been
made in our understanding of the life of the geological
past. Most, but by no means all, fossil organisms can now
be reconstructed with some degree of certainty as to their
general appearance. The main exceptions are the plants
and some of the larger vertebrates, because their entire
body form is so rarely preserved in the sedimentary rock
record. Plants are especially difficult because their
numerous anatomical parts, such as pollen, leaves, woody
tissues, and roots, tend to be separated one from another
both during life and following death, and may be deposited
widely in different sedimentary environments.

Fortunately, interpretation of the rock record and the

associations of fossils from specific sites and stratigraphic

levels is now sophisticated enough to allow reconstruction

of some past environments and the inter-relationships of

the various organisms that lived in them. Most fossil
environments are waterlain, although in certain
circumstances low-lying terrestrial environments may be
preserved, but uplands are exceedingly rare. And there are
still many problems of temporal resolution that make it
impossible to determine whether the organisms actually
lived together, died together, or simply had their remains

jumbled together long after their death.

PIECING TOGETHER THE EVIDENCE
To understand all these factors, scientists have made
detailed studies of the ecological relationships between
living organisms and their environments. Over the 170
years since the first reconstructions of ancient scenes were
attempted, we have learned a great deal about how death
occurs in the natural world, what happens to the remains
of plants and animals following death, how remains
may be lost or recruited to the rock record, and
what happens to them after burial, during
the often complicated and destructive
processes of fossilization.

There are a few situations that tend
to  preserve organic remains
particularly well. For body form and soft
tissue preservation rapid entombment
in a mummifying medium, such as cold dry air,
ice, amber resin, or salt is necessary, but thes
are relatively rare in the geological recor
Catastrophic and near-instantaneous natura
burial processes can entomb a whole range
of organisms that lived and died together.
Such circumstances are known as “Pompeii”

scenarios, after the pyroclastic erupion that?'

engulfed the Roman town in AD79, preserving much of the
structure, artefacts, and some of the inhabitants.

Volcanic eruptions, avalanches of sediment, dust-
storms, and floods are common catastrophic events in the
natural world, both on land and in water. They can
overwhelm living communities and potentially preserve
much of their life. And, if the post-mortem environment
lacks oxygen — for example the fine sediments of a lake
bottom, they may even preserve some soft tissues.

As will be seen from the reconstructions in this book,
most marine fossil locations were in shallow waters and
lagoons, and most of the terrestrial locations were in lake

and river deposits, so the actual land environments

are largely reconstructed from indirect information
e ¥

preserved in waterlain
sediments and

surrounding rocks.

RECONSTRUCTING THE PAST

Catastrophic events such as the
eruption of Vesuvius in Ab79
preserve some of the most
complete records of past life —
even if they show the victims’
dying moments (far left).

Delicate tissues such as those
of angiosperm flowers are
normally lost to the fossil
record. Rare preservations, such
as this 34-million-year-old
Florissantia, from Eocene
deposits in Colorado, USA,
require special conditions in
fine-grained sediments (/eff).

Rock art, such as these
engravings from North Africa,
records an abundance and
diversity of life forms that are not
now present because of climate
change and extinction aided by
human hunting (below).




4650  MILLIONS OF YEARS

SNOWBALL EARTH

FLINDERS RANGE, SOUTH AUSTRALIA

Latitude then: c.8°N
Latitude now: 31°S

Sea level: falling until end of
glaciation, then rising rapidly
Original environment:

global terrestrial ice sheets and sea-
ice perhaps as far as the equator
Deposits: “Elatina formation”
glacial deposits

Status: numerous accessible
exposures of Elatina strata occur
around Adelaide, South Australia

Preservation: the glacial deposits
are devoid of fossils

@ Earth c.640MA

® Fossil site today
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Climate: widespread glaciation

Biota: low-diversity marine micro-organisms (eg acritarchs)

One of the most extraordinary phenomena in
Earth’s early history is that of repeated and
extensive glaciation. According to the
“Snowball Earth” theory, at least two, and
perhaps four or more, glacial phases
encompassed the Precambrian world from pole
to pole. Theoretically, growing polar ice sheets
reflected so much solar energy back into space
that even the tropics were cooled sufficiently
to ice over, with temperatures plummeting to
-50°C, freezing the world’s oceans.

The first glacial event occurred around 2.3
billion years ago, but the best known events
are all late Proterozoic, dating to around

710, 640, and perhaps 580MA - known as the
Sturtian, Marinoan, and Varangian glaciations.

Supposedly, the impact on environment and
life was such that, in this frozen “icehouse”
state, ocean productivity and the weathering
of the land were shut down. Unable to
photosynthesize, marine phytoplankton died
off and the oceans became anoxic. Biological
activity only revived in brief, hot interglacials.
Such stop-start, “freeze-fry” processes were
precursors to the subsequent explosion of
Ediacaran life, and may be responsible in some
way for that event. At least, that is the theory,
but it is still far from proven.

Common organisms: cold-tolerant micro-organisms

@ dropstone

G O DROPSTONE (1) This metre-wide boulder -
one of many found ‘floating’, surrounded by finer
grained sediment - is a dropstone, formed when a
melting iceberg released it to fall into soft sediment
on the sea floor. No other natural mechanism can
carry such large and heavy rocks out to sea, so the
presence of dropstones is a useful indicator of
glacial activity. This spectacular specimen occurs
within the Late-Proterozoic (Sturtian) glacial

strata of Namibia’s Skeleton Coast, close to
Narachaamspos. Carbonate rocks in the overlying
strata lack dropstones: they show that, following
the glacial event, the environment quickly
returned to its normal hot subtropical phase.

647-635 million years ago
Cryogenian Period of the Neoproterozoic Era






