
KEY KNOWLEDGE

This chapter is designed to enable students to:
 ■ appreciate the explanatory power of Darwinian evolutionary theory
 ■ understand that Earth’s life forms have changed or evolved over geological time
 ■ become familiar with the geological time scale
 ■ gain knowledge of the nature of fossils, their types and how they are formed and 
dated

 ■ recognise the various lines of evidence of biological change over time
 ■ demonstrate knowledge of the patterns of biological change over geological 
time.

10 Changes in biodiversity 
over time

CHAPTER

FIGURE 10.1 An excavator 
working on the fossilised bones 
of a plant-eating sauropod 
dinosaur (Jobaria sp.), which in 
life was about 21 metres long. 
This dinosaur fossil was found 
in a region of the Sahara Desert 
in present day Niger, in western 
Africa. Among topics covered 
in this chapter are fossils, their 
types, how they are dated and 
interpreted, and how the fossil 
record provides evidence of the 
changes in Earth’s biodiversity 
over geological time.
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Species: unchanging or not?
A remarkable diversity of living organisms is found today on planet Earth — an 
estimated 30  million di� erent species. In addition, if extinct species are also 
included, the diversity of life on planet Earth is even more striking. How did 
this diversity come about?

In the early 1800s, the general view held by many scientists, particu-
larly in Britain, was that species were unchanging and that each species was 
� xed in its structure and characteristics for all time. According to this view, 
each species was the result of an act of creation — a view known as the 
special creation of species. If this were the case, each of the many millions of 
di� erent species, living and extinct:

•	 would have been specially and individually created
•	 would not have been capable of change
•	 would not have been able to produce di� erent descendant species.

In contrast, an alternative view was that species were not � xed but 
were capable of change over successive generations, a view known as 
the transmutation of species. If this were the case, ancestral species 
could produce descendants with di� erent and new features so that, 
over time, these ancestral species could give rise to new species.

� ese contrasting views — transmutation of species versus special 
creation of species — are not compatible. � e view that species were 
� xed and each was specially created was � nally dismissed as a result 
of the theory of evolution by natural selection developed by Charles 
Darwin and Alfred Wallace.

The Darwin–Wallace view
Various naturalists in the seventeenth and early eighteenth centuries 
proposed that species could evolve or be transformed to produce 
new species, but none of these naturalists identi� ed a testable mech-
anism to explain how evolution could occur. � is changed when 
Charles Darwin (1809–1882) and Alfred Russel Wallace (1823–1913) 
(see � gure 10.3) proposed their theory of evolution by natural selection.

� e power of the Darwin–Wallace theory of evolution by natural selection 
was that:
•	 the theory identi� ed a mechanism or a cause of evolution
•	 this mechanism was testable by observation and experimentation.

FIGURE 10.3 (a) Charles 
Darwin (1809–1882) aged 40 
in 1849. (b) Alfred Russel 
Wallace (1823–1913).

(b)(a)

FIGURE 10.2 A representation of one 
medieval view of the origin of birds and 
� sh.

ODD FACT

A medieval view was that birds 
and � sh originated from leaves 
that fell, either onto land or 
into water. Leaves falling into 
water slowly transformed 
into � sh, while leaves falling 
onto land slowly transformed 
into birds (see � gure 10.2.)

Refer back to chapter 9 (page 395) 
for an outline of the mechanism of 
natural selection.
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� e theory of Darwin and Wallace was � rst presented publicly at a short 
scienti� c meeting of the Linnean Society in London on 1 July 1858 and this 
passed largely unnoticed. Just over a year later, in October 1859, the � rst edition 
of Darwin’s book entitled On the Origin of Species by Means of Natural Selection 
was published (see � gure 10.4). � e second and third editions quickly followed 
in 1860 and 1861 respectively. � is book caused quite a stir. It put the theory 
of evolution by natural selection into the public domain and stimulated wide-
spread and sometimes bitter debate — perhaps like debates today on topics 
such as abortion and euthanasia. Some prominent people supported Darwin’s 
theory while other equally prominent people opposed this theory.

By arguing that species could evolve by natural selection, Darwin’s theory 
challenged head-on the commonly accepted view that each species was spe-
cially created and unchanging. Darwin’s theory of evolution also changed for 
all time the way in which human beings saw their place in the natural world. 
No longer could they stand apart from that world because, like other species, 
they too had evolved.

� e topic of evolution became a matter of major discussion and debate in 
newspapers, magazines, churches and public meetings. � e box � e Oxford 
Debate of 1860 on pages 446 to 447 describes a famous public debate that 
took place at the meeting of the British Association at Oxford in 1860. � e key 
players in this debate were:
•	 Samuel Wilberforce (1805–1873), then Bishop of Oxford, known as ‘Soapy Sam’
•	 � omas Henry Huxley (1825–1895), a biologist, known as ‘Darwin’s bulldog’
•	 Joseph Dalton Hooker (1817–1911), a botanist and biogeographer.

FIGURE 10.4 The title page of 
the second edition (published 
in 1860) of Charles Darwin’s 
On the Origin of Species by 
Means of Natural Selection, or 
the Preservation of Favoured 
Races in the Struggle for Life, 
more commonly known as The 
Origin of Species. Following 
the publication of the � rst 
edition in late 1859, the 
ideas that it contained about 
evolution caused wide public 
discussion. (Image courtesy of 
Judith Kinnear.)

ODD FACT

At the time of Darwin’s death 
in 1882, his The Origin of 
Species was into a sixth 
edition and 24  000 copies 
had been published. The 
Origin of Species has since 
been translated into twenty-
nine languages including 
Hindi, Turkish and Flemish. In 
1934, the � rst English Braille 
edition was published.

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

FIGURE 10.4 

UNCORRECTED 

FIGURE 10.4 

UNCORRECTED 

The title page of 

UNCORRECTED 

The title page of 
the second edition (published 

UNCORRECTED 

the second edition (published 
in 1860) of Charles Darwin’s 

UNCORRECTED 

in 1860) of Charles Darwin’s 
On the Origin of Species by UNCORRECTED 

On the Origin of Species by 
Means of Natural Selection, or UNCORRECTED 

Means of Natural Selection, or 
the Preservation of Favoured UNCORRECTED 

the Preservation of Favoured UNCORRECTED 

UNCORRECTED 

UNCORRECTED P
AGE took place at the meeting of the British Association at Oxford in 1860. � e key 

PAGE took place at the meeting of the British Association at Oxford in 1860. � e key 

Samuel Wilberforce (1805–1873), then Bishop of Oxford, known as ‘Soapy Sam’

PAGE Samuel Wilberforce (1805–1873), then Bishop of Oxford, known as ‘Soapy Sam’
� omas Henry Huxley (1825–1895), a biologist, known as ‘Darwin’s bulldog’

PAGE 
� omas Henry Huxley (1825–1895), a biologist, known as ‘Darwin’s bulldog’
Joseph Dalton Hooker (1817–1911), a botanist and biogeographer.

PAGE 
Joseph Dalton Hooker (1817–1911), a botanist and biogeographer.

PAGE P
ROOFS

theory while other equally prominent people opposed this theory.

PROOFS
theory while other equally prominent people opposed this theory.

By arguing that species could evolve by natural selection, Darwin’s theory 

PROOFSBy arguing that species could evolve by natural selection, Darwin’s theory 
challenged head-on the commonly accepted view that each species was spe-

PROOFSchallenged head-on the commonly accepted view that each species was spe-
cially created and unchanging. Darwin’s theory of evolution also changed for 

PROOFScially created and unchanging. Darwin’s theory of evolution also changed for 
all time the way in which human beings saw their place in the natural world. 

PROOFS
all time the way in which human beings saw their place in the natural world. 
No longer could they stand apart from that world because, like other species, 

PROOFS
No longer could they stand apart from that world because, like other species, 

� e topic of evolution became a matter of major discussion and debate in 

PROOFS
� e topic of evolution became a matter of major discussion and debate in 

newspapers, magazines, churches and public meetings. � e box 

PROOFS
newspapers, magazines, churches and public meetings. � e box 

on pages 446 to 447 describes a famous public debate that PROOFS

on pages 446 to 447 describes a famous public debate that 
took place at the meeting of the British Association at Oxford in 1860. � e key PROOFS

took place at the meeting of the British Association at Oxford in 1860. � e key 



NATURE OF BIOLOGY 2446

c10ChangesInBiodiversityOverTime 446 25 October 2016 10:03 AM

THE OXFORD DEBATE OF 1860

It is Saturday 30 June 1860 at Oxford, England. A 
debate on Darwin’s theory of evolution is about to 
take place. Excitement is high as it is widely known 
that Bishop Samuel Wilberforce (see figure 10.5) 
intends to ‘smash Darwin’. � e room where the debate 
is to take place is crowded. Darwin is not present but 
some of his supporters are, including � omas Huxley 
(� gure 10.6) and Joseph Hooker ( � gure 10.7).

FIGURE 10.5 Samuel Wilberforce, Bishop of Oxford, 
outspoken critic of Darwin’s theory.

Various accounts of this debate exist and they do 
not all agree. Some accounts follow. (In the extracts, 
the use of ‘.  .  .’ denotes that part of the account 
has been omitted for brevity. Material appearing 
[in square brackets] is an addition to assist readers’ 
understanding.)

Hooker describes the debate as follows:

� e excitement was tremendous  .  .  .  � e numbers 
[in the audience]  .  .  .  were estimated at from 700 
to 1000. � e President [who] occupied the chair 
wisely announced that none who had not valid 
arguments to bring forward on one side or the 
other would be allowed to address the meeting  .  .  .  
 � e Bishop was up to time, and spoke for full 
half-an-hour with inimitable spirit, emptiness 
and unfairness  .  .  .  He ridiculed Darwin badly, 
and Huxley savagely, but all in such dulcet tones, 
so persuasive a manner  .  .  .  that I who had been 
inclined to blame the President for allowing a 

discussion that could serve no scienti� c purpose, 
now forgave him from the bottom of my heart. 
Unfortunately the Bishop, hurried along on the 
current of his own eloquence  .  .  .  turned round 
and addressed Huxley  .  .  .  [and] asked whether 
Huxley was related by his grand-father’s or grand-
mother’s side to an ape.
 [Huxley replied:] ‘I asserted, and I repeat, that 
a man has no reason to be ashamed of having an 
ape for his grandfather. If there were an ancestor 
whom I should feel shame in recalling, it would be 
a man, a man of restless and versatile intellect, who, 
not content with an equivocal success in his own 
sphere of activity, plunges into scienti� c questions 
with which he had no real acquaintance, only to 
obscure them by an aimless rhetoric, and distract 
the attention of his hearers from the real point at 
issue by eloquent digressions, and skilled appeal to 
religious prejudice.’
 .  .  .  the Bishop made no reply  .  .  .  Lady Brewster 
fainted [probably from the heat as the room was 
crowded to su� ocation] and the meeting broke up.

(Source: Darwin, Francis (ed.), 
� e Life and Letters of Charles Darwin, Vol. II, 

John Murray, London, 1887, pp. 321–2)

FIGURE 10.6 Thomas Henry Huxley, supporter of 
Darwin’s theory of evolution.
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Another version of Huxley’s response to Bishop 
Wilberforce’s question follows:

� e Bishop asks how would I [Huxley] like it if 
my Mother had been an ape. I answer, putting 
aside the bad taste of an allusion to a relationship 
which I have in my own case regarded as calling 
up the tenderest memories, and having regard to 
that argument from the ‘Godlike gift’ of language 
which the Bishop has put forward as paramount 
against Mr Darwin’s theory, that I would rather 
I had a parent wanting that ‘Godlike gift’ than a 
parent who devoted that great and godlike gift to 
the perversion of truth or to diverting the minds 
of an audience from the facts that support a great 
scienti� c hypothesis by ridicule, etc.

(Source: Huxley, Leonard, Life and Letters of 
Sir JohnDalton Hooker, Vol. II, 

John Murray, London, 1918, p. 303)

FIGURE 10.7 Joseph Dalton Hooker, supporter of 
Darwin’s theory of evolution.

Hooker described his own involvement in the 
debate in a letter dated 2 July 1860 that he wrote to 
Charles Darwin:

Well, Sam Oxon [Bishop Wilberforce] got up and 
spouted for half an hour with inimitable spirit, 
ugliness and emptiness and unfairness. I saw that 
he was coached up by Owen [a leading opponent 
of Darwin’s theory] and knew nothing, and he 
said not a syllable but what was in the Reviews 
[critical reviews of Darwin’s book written by 
Wilberforce].
 .  .  .  my blood boiled  .  .  .  so there I was cocked 
up with Sam [Bishop Wilberforce] at my right 
elbow and there and then I smashed him 
[metaphorically] amid rounds of applause. I hit 
him in the wind at the � rst shot in ten words 
taken from his own ugly mouth; and then 
proceeded to demonstrate in as few more: (1) that 
he could never have read your book, and (2) that 
he was absolutely ignorant of the rudiments of 
Bot[anical] Science.
 I said a few more [words] on the subject of 
my own experience and conversion, and wound 
up with a very few observations on the relative 
positions of the old and new hypotheses, and with 
some words of caution to the audience. Sam was 
shut up — had not one word to say in reply, and 
the meeting was dissolved forthwith, leaving you 
[Darwin] master of the � eld after 4 hours’ battle.

(Source: Huxley, Leonard, Life and Letters of
Sir John Dalton Hooker, Vol. I, 

John Murray, London, 1918, pp. 526–7)

On the same day, Darwin replied to Hooker by 
letter, dated 2 July 1860, that includes the following:

.  .  .  how still more I [Darwin] should have liked 
to have heard you [Hooker] triumphing over 
the Bishop. I am astonished at your success and 
audacity  .  .  .  I had no idea you had this power 
[of counter argument].

(Source: Darwin, Francis (ed.), � e Life and Letters of
Charles Darwin, Vol. II, John Murray, 

London, 1887, p. 323)

� e Oxford debate of 1860 is important because, in 
arguing in favour of Darwin’s theory of evolution by 
natural selection, Darwin’s supporters (Huxley and 
Hooker) openly resisted the religious authority of the 
day (Wilberforce). � is debate led to further serious 
and public discussion of Darwin’s theory, based on 
scienti� c arguments.
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Developing a hypothesis about evolution
In developing their thinking about evolution, both Darwin and Wallace were 
in� uenced by observations made on independent and separate voyages 
to remote islands (see the box Travels of Darwin and Wallace on page 451). 
During the voyage of the HMS Beagle, Darwin saw a diversity of bird species 
(� nches) on the Galapagos Islands, in the Paci� c Ocean. Darwin noted that 
they reminded him of birds that he had seen in South America. He wrote that 
it appeared that ‘one species had been taken and modi� ed for di� erent ends’. 
It was observations like this that � nally led Darwin to the view that one species 
could evolve and produce a variety of di� erent species.

From the Galapagos Islands, the Beagle travelled to New Zealand and then 
to Australia. On 11 January 1836, the Beagle arrived in Sydney Harbour. During 
a period of less than three weeks in Sydney, Darwin visited countryside areas 
and travelled as far as Bathurst. On the evening of 19 January, Darwin saw 
platypuses swimming in Cox’s River (see � gure 10.8). He wrote:

A little time before this I had been lying on a sunny bank, and was re� ecting 
on the strange character of the animals of this country as compared with 
the rest of the world. An unbeliever in every thing beyond his own reason 
might exclaim, ‘Two distinct Creators must have been at work; their object, 
however, has been the same, and certainly the end in each case is complete’.

(Source: Darwin, Charles, Journal of Researches into the Geology
and Natural History of the Various Countries 

Visited by HMS Beagle,Under the Command of Captain Fitzroy, RN, 
from 1832 to 1836, Henry Colburn, London, 1839, p. 526)

Darwin’s reference to ‘two distinct 
Creators’ emphasised that Australian 
animals were very di� erent from those 
found in the rest of the world. At this time 
(the 1830s), the generally accepted view 
was that species were unchanging and 
that each was specially created. Darwin’s 
comment in January 1836 might indicate 
that, at this time, Darwin held the view 
that species were specially created.

It is reasonable to suggest that the 
many observations made by Darwin 
during the Beagle voyage would have 
raised questions in his mind, such as:
•	 If species are specially created, why 

create 12 or more slightly di� erent � nch 
species on the various Galapagos Islands 
rather than just one � nch species?

•	 Why were Australian species di� erent 
from those found in the northern 
hemisphere? Why were platypuses 
found in Australian creeks instead of 
water rats such as would be seen in 
European streams?

•	 Why did modern species resemble 
extinct fossil species?

•	 Why was the Australian vegetation so di� erent from that of Europe? Darwin 
wrote: ‘� e trees nearly all belong to one family; and mostly have the surface of 
their leaves placed in a vertical, instead of as in Europe, a nearly horizontal pos-
ition; the foliage is scanty, and of a peculiar, pale green tint, without any gloss.’ 

(Source: Journal of Researches, page 517.)

FIGURE 10.8 (a) A platypus 
on a riverbank. This image 
comes from a lithograph 
published in 1841. Very 
different from other mammals, 
the platypus is an egg-
laying monotreme. (Image (a) 
courtesy of Judith Kinnear.) 
(b) Location of Cox’s River 
where Darwin saw platypuses 
swimming.
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To what kind of vegetation was Darwin referring?
On his return to England, Darwin continued to struggle with the question 

of whether species could evolve. If species could change, then what was a 
possible mechanism by which evolution occurred? By 1838, in his notebooks, 
Darwin began to outline his view that species were not � xed and unchanging 
and that the evolution of new species from existing species occurred through 
the mechanism of natural selection.

Darwin spent many years re� ning his thinking about evolution in light of 
observations made during the Beagle voyage. In addition, Darwin was in� u-
enced by information from other sources, such as:
•	 his interactions with plant and animal breeders, including pigeon fanciers 

(see � gure 10.9)
•	 An Essay on the Principles of Populations, published in 1798 by � omas 

Malthus (1766–1834), in which Malthus argued that, because human popu-
lations were growing faster than food supplies, this would lead to a struggle 
for existence.

FIGURE 10.9 Pigeon variants (Columba livia): (a) pouter, (b) Jacobin, and 
(c) fantail — all derived from (d) the common rock pigeon, by arti� cial selection. 
Darwin was aware that, through arti� cial selection over several generations, 
pigeon breeders were able to produce different varieties of pigeon. (Images 
courtesy of Judith Kinnear.)

(a)

(b)

(d)

(c)

Because he wrote so extensively, it is possible to follow changes in Darwin’s 
thinking over time. His writings include a publication about his voyage 
on the Beagle (see � gure 10.10a), his notebooks written in 1837 and 1838 
(see � gure 10.10b) and two lengthy essays written in 1842 and 1844. It is 
apparent that both before and during his voyage on the Beagle, Darwin believed 
that species were � xed and that each was specially created. By 1837, however, 
Darwin’s notebooks reveal that he had moved to a position of recognising that 
species were capable of transformation and that new species evolved and were 
not specially created. In January 1844, Darwin wrote to his friend J.D. Hooker:

At last gleams of light have come, and I am almost convinced (quite contrary 
to the opinion I started with) that species are not (it is like confessing a 
murder) immutable.

(Source: Darwin, Charles, letter to J.D. Hooker, 11 January 1844)

ODD FACT

Charles Darwin joined 
two London Pigeon Clubs 
and came to recognise 
the enormous variation 
in domesticated pigeons, 
including the following 
varieties: the carrier, the 
tumbler, the runt, the barb, 
the pouter, the turbit, the 
Jacobin, the trumpeter, the 
laughter and the fantail. 
These varieties were 
produced by breeders who 
used arti� cial selection 
procedures.
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FIGURE 10.10 (a) Front page of Darwin’s Journal of Researches. This book is now better known as The Voyage of the 
Beagle. (b) A page from one of Charles Darwin’s notebooks. Here, Darwin writes: ‘.  .  .  .  My theory would give zest to 
recent and Fossil Comparative Anatomy  .  .  .  [it] would lead to causes of change in order to know what we have come 
from & to what we tend  .  .  .  [it] might lead to laws of change, which would then be [the] main object of study, to guide 
our speculations.’ (Images courtesy of Judith Kinnear.)

(b)(a)

Darwin did not initially make his views public but shared them with his 
closest colleagues and recorded them in his notebooks. However, in June 1858, 
Darwin received a manuscript written by Wallace that contained essentially 
the same ideas about evolution by natural selection as those Darwin had for-
mulated in his private notes and essays. Because of this, Darwin agreed to 
make his own ideas public jointly with those of Wallace at the meeting of the 
Linnean Society in London in 1858. � e following year, � e Origin of Species 
was published. Subsequent testing of predictions arising from the Darwin–
Wallace view of evolution has changed its status from a hypothesis under test 
to a theory that is supported by evidence from many sources.

Impact of Darwinian thought
� e theory of evolution of species by natural selection was a major contribution 
to biological thought. No longer were the living things on planet Earth regarded 
as unchanging and products of special creation that were unrelated to any other 
kind. Instead, the various kinds of living things on planet Earth were seen as 
capable of change and related by evolutionary descent. � e theory of evolution 
provides an explanatory framework that can account for many observations, 
including the diversity of species, past and present. Evolution means that past 
and modern species are related and that di� erent kinds of organisms living today 
are descended from various kinds of organisms that lived in the geological past.

Before � e Origin of Species was published, human beings were viewed as 
the special product of divine creation and were not seen as part of nature. � e 
study of the human species was seen as outside science. After the text was 
published, human beings were viewed as part of nature and able to be studied 
by scienti� c methods.

ODD FACT

In 1870, the journal Nature 
published the following about 
Darwin’s theory: ‘[It has] so 
completely taken hold of the 
scienti� c mind  .  .  .  that our 
rising men of science may 
be classed as belonging 
to this school of thought. 
Probably since the time of 
Newton no man has had so 
great an in� uence over the 
development of scienti� c 
thought as Mr Darwin.’
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THE TRAVELS OF DARWIN AND WALLACE

Darwin’s voyage on the Beagle
In 1831, Charles Darwin was o� ered the unpaid 
position as naturalist on HMS Beagle, which under-
took a � ve-year voyage around the world. � e ship 
left England on 27 December 1831 and returned 
on 2 October 1836, after visiting many countries 
(see � gure 10.11). � roughout this journey, Darwin 
su� ered from incurable seasickness. However, he 
described the voyage as ‘by far the most impor-
tant event in my life and had determined my whole 
career’.

One major event was a stay on the Galapagos 
Islands, a cluster of more than one dozen vol-
canic islands located in the Paci� c Ocean, nearly 
1000 kilometres west of Ecuador. Darwin saw many 
remarkable sights here, including giant tortoises and 
species of iguanas (large lizards), some terrestrial 
and others that browsed on algae and swam in the 
sea. Darwin realised that, while the islands had 

similar plants and animals, each island had par-
ticular and distinctive species.

Darwin also discovered that the Galapagos Islands 
were home to more than a dozen species of finches. 
� ese � nches showed some similarities to � nches he 
had seen in Chile, in South America. Darwin later wrote:

‘It was most striking to be surrounded by new 
birds  .  .  .  and yet by innumerable tri� ing details of 
structure and even by tones of voice and plumage 
of the birds to have  .  .  .  the hot dry deserts of 
Northern Chile vividly brought before my eyes’.

After his return to England in 1836, Darwin spent 
many years thinking about how species could 
change. Darwin came to realise that each species 
of � nch was not specially created. Instead, he 
recognised that each kind of � nch on the Galapagos 
Islands had evolved from a few ancestral � nches that 
reached there from South America.
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FIGURE 10.11 Countries 
visited by HMS Beagle. In 
the period 16 September 
to 20 October 1835, the 
ship was at the Galapagos 
Islands. During January 
and February 1836, the 
Beagle stopped at Sydney 
and Hobart, Australia. (Map 
provided by MAPgraphics 
Pty Ltd, Brisbane.)

Wallace’s voyages in South-East Asia
Alfred Wallace also travelled widely and visited 
many islands. In 1858, Wallace was in the Moluccas 
thinking about the problem of how species are 
formed. Wallace wrote:

‘.  .  .  checks must also act upon animals, and keep 
down their numbers  .  .  .  While vaguely thinking how 
this would a� ect any species, there suddenly � ashed 
upon me the idea of the survival of the � ttest — 
that individuals removed by these checks must be, 
on the whole, inferior to those that survived. � en 
considering the variations continually occurring in 
every fresh generation of animals and plants, and 
the changes of climate, of food, of enemies always in 
progress, the whole method of species modi� cation 
became clear to me’.

So, Wallace concluded that natural selection was 
a plausible mechanism for evolution of species and 
he wrote a manuscript outlining his ideas and ‘sent it 
by the next post to Mr Darwin’. Darwin realised that 
Wallace had independently reached the same con-
clusion as he had, namely, that new species could 
arise as a result of the action of natural selection 
acting over many generations on populations. � ey 
agreed to present their proposal jointly to the scien-
ti� c community, and this occurred at a meeting of 
the Linnean Society held in London on 1 July 1858. 
Darwin was writing a long account of his theory but 
he quickly produced a shorter version for publi-
cation. Darwin’s book On the Origin of Species, was 
published in 1859.
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KEY IDEAS

 ■ Two con�icting views existed in the past: the view that each species was 
unchanging and was specially created; and the view that species were 
mutable and could evolve to produce new species.

 ■ The Darwin–Wallace theory of evolution by natural selection identi�ed a 
mechanism for evolution that allows for predictions that can be tested by 
observation and experiment.

 ■ Darwin’s ideas about evolution and the changeability of species were 
in�uenced by his voyage on the Beagle, including his visit to Australia.

QUICK CHECK

1 Identify the following as true or false:
a The theory of evolution by natural selection was developed independently 

by Darwin and by Wallace.
b The concept of the special creation of species means that species can 

change over time.
2 Identify an important observation made by Darwin during his time in 

Australia.
3 Identify two features of the Darwin–Wallace theory of evolution by natural 

selection that distinguished this theory from most other views about 
evolution.

Time scales in evolution
Time is a critical element in evolution. Estimating the ages of rocks and of 
fossils that they contain is important in reconstructing the evolution of life on 
Earth. In the following section we will look at:
•	 various estimates of the age of the Earth
•	 how events in the history of Earth are organised on a geologic time scale
•	 how the ages of rocks and fossils can be determined.

Estimating the age of Earth
Just how old is the Earth? Answers to this question have been many and varied 
as shown in the following examples:
•	 In 1650, the Anglican Archbishop of Armagh, James Ussher (1581–1656), 

published his calculation of the age of the Earth based on the Bible. By 
adding the ages of Adam and Eve and their descendants as given in the 
‘Genesis’ chapter, Ussher concluded that the Earth was created on the 
evening of Sunday 23 October 4004 BC, making it about 6000 years old. �is 
view prevailed until the late eighteenth century.

•	 In 1785, a Scottish farmer and amateur geologist, James Hutton (1726–1797), 
published his conclusions about the age of the Earth in his �eory of the 
Earth. Hutton identi�ed that ‘countless ages are required to form moun-
tains, rock and soil’. He recognised that repeated cycles of sedimentation, 
compression into rock, uplift and erosion had occurred, and concluded that 
the Earth was millions of years old. Hutton recognised that the processes 
of building layers of sedimentary rock were slow and yet, in spite of this, 
some of these layers were several kilometres thick. His views were shaped 
in part by the so-called unconformity in the rocks at Siccar Point, east of 
Edinburgh (see �gure 10.12), where rocks of two distinct age groups can 
be seen.
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•	 In 1830–33, Charles Lyell (1797–1875) published the three-volume Principles 
of Geology. Lyell also recognised that present-day cycles of sedimenta-
tion, compression into rock, uplift and erosion must have been repeated 
many times in the past and that the same geological forces acting today 
would also have acted in the past. Lyell attempted to identify absolute 
times for geological events. He observed sedimentary rock strata that were 
600 feet (about 183 metres) above sea level and recognised that these 
sediments were originally below sea level. Lyell assumed a rate of elevation 
of 2.5 feet (approximately 0.76 metres) per century and calculated that a 
period of 24  000 years was required for these rocks to reach their present 
elevation.

•	 In 1862, Lord Kelvin (1824–1907) calculated the age of the Earth based on 
an estimated rate of cooling of Earth from an original molten state. His � rst 
estimate was 98 million years old. (In 1897, he amended this estimate to 
20 to 40 million years.) However, Kelvin’s estimates were too low. Why? At 
that time, no-one knew about the radioactive elements that are a source of 
internal heat in the Earth’s crust and so a� ect the rate of cooling.

•	 In 1899, an Irish scientist, John Joly, estimated the age of the Earth from 
salt content in the oceans. He calculated that it would have taken about 
90 million years for the oceans to accumulate the present-day salt levels 
from in� ow of river waters. � is method was an underestimate of Earth’s 
age because it failed to account for salt in other locations, such as salt 
deposits.

•	 Other attempts to date the Earth were based on estimating rates at which 
sediments were deposited under the sea and then measuring the total 
thickness of sedimentary rock strata. Based on average sedimentation rates 

ODD FACT

When he left on his Beagle 
voyage, Charles Darwin 
carried a copy of Volume I of 
Charles Lyell’s Principles of 
Geology. Volume II reached 
him during the voyage in 
late 1832. Lyell’s book about 
processes of geological 
change in� uenced Darwin’s 
thinking about processes of 
biological change.

ODD FACT

Bright spark! Lord Kelvin, 
then William Thomson, 
graduated from Glasgow 
University in 1834, aged 10.

FIGURE 10.12 James Hutton (1726–1797) recognised two different groups of sedimentary rocks at Siccar Point, in 
Scotland. Gently tilted layers of red sandstone lie above the almost vertical layers of rock known as greywacke. He 
recognised that these two different rock groups were laid down at different times. Which is the older group? The 
hand of the seated person straddles the unconformity or junction between the two different sequences of rocks. 
(Images courtesy of Judith Kinnear.)
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of 0.3 metres per 1000 years, one estimate of the Earth’s age as being about 
1600 million years was obtained in 1910.

•	 From about 1910 onwards, estimates using simple radiometric methods 
were made of the age of the Earth. By the mid-twentieth century, modern 
radiometric dating techniques had been developed. In 1956, Clair C. 
Patterson (1922–1995) used these techniques to calculate an accurate 
and reliable estimate of the age of the Earth based on the age of an iron 
meteorite. �is meteorite had an estimated age of about 4500 million years. 
Since meteorites came into existence at the time of formation of the solar 
system, their age also identi�es the age of the Earth. Since then, the age of 
many more meteorites has been determined and all have been found to 
have ages between 4400 and 4500 million years. �is value has been con-
�rmed by the dating of some moon rocks at 4500 million years old. A more 
recent dating in 2005 is that the Earth is 4569 million years old, estimated by 
the age of a meteorite.

Geologic or deep time
Our understanding of geologic time or deep time is recent. �e change in 
thinking about Earth from being just a few thousand years old to the concept 
of a very ancient Earth thousands of millions of years old was initially due to 
the work of the two Scottish thinkers, James Hutton, the farmer and amateur 
geologist, and Charles Lyell, the pre-eminent geologist of his time.

Based on modern techniques of radiometric dating of lunar rocks and 
meteorites, we now know that the Earth is about 4500 million years old — an 
interval that provides su�cient time for evolutionary and geological processes 
to occur.

Organising the past: the geologic time scale
Geologic ages almost defy comprehension. We can gain some understanding 
by representing the age of Earth as a 100-metre track, with the starting line 
being the present time and the �nishing line being the time of formation of 
Earth more than 4500  million years (Myr) ago. A human life of 72 years on this 
scale would be an undetectable 0.002 millimetres. Just the tip of a �ngernail 
(one millimetre) over the starting line would take us back 45  000 years. Two 
steps (two metres) would take us to about 90 million years ago, to the time 
when Australia was part of the Gondwana supercontinent and dinosaurs 
dominated life on Earth.

�e entire history of humanity (as represented by fossil evidence of members 
of the genus Homo) would be just 6 centimetres from the starting line, and the 
200  000-year history of our species, Homo sapiens, would be placed less than 
5 millimetres from the starting line.

Perhaps the most remarkable fact about this geologic time scale is that the 
�rst indirect evidence of life on Earth appeared about 3850 million years ago, 
but it was not until the Ediacaran period about 620 million years ago that the 
�rst multicellular animals appeared in the fossil record. �e �rst members of 
the genus Homo appeared only 2.8 million years ago and the �rst modern 
humans (H. sapiens, our species) appeared about 200  000 years ago.

�e geologic history of the Earth is divided into various time intervals as a 
hierarchy that includes eons, eras and periods (see �gure 10.13). �is geologic 
time scale developed in the eighteenth and nineteenth centuries when scien-
tists organised sedimentary rock strata in the same region into groups of similar 
relative ages and also recognised similarities in rock strata in di�erent regions 
because they contained identical fossils. By about 1840, the major divisions of 
the time scale based on relative ages were established but the absolute ages 
were not identi�ed until during the twentieth century.

ODD FACT

In March 2004, a new period 
was added to the geologic 
time scale — the �rst to be 
added in 120 years. This is 
the Ediacaran period, which 
precedes the Cambrian 
and started 630 Mya. This 
lower boundary is de�ned in 
terms of rocks in the Flinders 
Ranges of South Australia.
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FIGURE 10.13 Geologic time scale, as published by the American Geological Institute. Dates are in accord with the 
International Commission on Stratigraphy (2016 version).
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� e fossils that are most useful for this purpose are so-called 
index fossils. � ese are geologically short-lived species that have a limited 
occurrence in the fossil record and so are found only in a restricted depth of 
sedimentary rock strata, and are widely distributed. � e presence of these 
fossils in rock strata even in widely separated regions of the world can identify 
these rocks as having the same age (see � gure 10.16). Before radiometric dating 
became available, correlating the fossils present in rocks was the best method 
available to date rock layers relative to one another.

Graptolites are one important group of index fossils because:
1.  several hundred species of graptolites exist, each readily distinguishable by 

the number of branches (stipes) and the arrangement of the cups (thecae) 
on the branches (see � gure 10.15)

2.  they occur in the fossil record from the Cambrian to the Carboniferous
3.  each di� erent species existed for a limited time only in the fossil record; that 

is, graptolites underwent rapid evolution
4.  they are widely distributed globally because graptolites formed � oating col-

onies that drifted on the ocean surface.

FIGURE 10.16 The law of 
fossil succession allows 
the relative ages of rocks in 
different parts of the world 
to be inferred, based on 
distinctive index fossils.

First area Second area

� ese two methods give the relative ages of rock layers throughout the 
world. Rocks of the same age are identi� ed by the name of a geological period, 
such as Devonian or Jurassic. Likewise, fossils can be dated as the same, or as 
younger or as older than a particular index fossil.

Absolute age: using ‘rock clocks’ to tell age
During the twentieth century, techniques for identifying the absolute ages of 
rocks were developed. � e most important method of estimating the abso-
lute ages of rocks is the radiometric dating technique, which is based on the 
decay of certain radioactive elements. � e radioactive elements concerned 
are those present in minerals in igneous rocks, and each element decays at a 
known rate. Igneous rocks form when molten rock solidi� es, either below the 
Earth’s surface (for example, granite, a plutonic rock) or on the Earth’s surface 
(for example, basalt and tu� , which are volcanic rocks).

Radiometric dating cannot be applied to sedimentary rocks that are derived 
from the erosion of pre-existing rocks because the minerals that they contain 
were formed prior to the sedimentary rocks themselves. Although igneous 
rocks do not contain fossils, radiometric dating of igneous rocks can give an 
estimate of the age of fossils.

Unit 4 Relative fossil 
dating
Summary screen 
and practice 
questions

AOS 1

Topic 2

Concept 3

ODD FACT

Using the law of fossil 
succession, William Smith 
(1769–1839) produced, in 
1815, the � rst large-scale 
geologic map that showed 
the different rock strata of 
England, Wales and part 
of Scotland. Would you be 
surprised to know that Smith 
was a surveyor who worked 
on the construction of canals 
in Britain?

Unit 4

Do more
Relative 
age of rocks
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Topic 2

Concept 3

Unit 4

See more
Relative 
age of rocks

AOS 1

Topic 2

Concept 3

How old is it?
� e age of a person can be stated in two ways — by relative age or by absolute 
age. For example:
•	 the statement ‘Kym is older than Tran who is younger than Shane’ gives 

the relative ages of these people but does not give their chronological ages. 
Relative age allows us to place the people in order of age: Kym then Shane 
then Tran, from oldest to youngest.

•	 the statement ‘Kym is 34 years, Shane is 18 years and Tran is 16 years old’ 
gives the absolute ages of these people.
Likewise, the ages of fossils or of geological structures, such as a deposit of 

mudstone or a layer of solidi� ed volcanic ash (tu� ), can be given in either rela-
tive or absolute terms.

Relative age: which is older?
Two methods that may be used to identify the relative ages of rocks and fossils are:
•	 the stratigraphic method, which is based on the principle of superposition
•	 the use of index fossils, which is based on the law of fossil succession.

Fossils are found in sedimentary rocks, such as a mudstone, sandstone, 
shale or limestone. � e stratigraphic method of dating sedimentary rocks gives 
the relative ages of the rock strata by using the principle of superposition. 
� is principle simply states that, for rock layers or strata (singular: stratum), 
the oldest stratum is at the bottom and progressively younger layers lie above 
it (see � gure 10.14). Likewise, fossils found in a lower stratum are older than 

fossils in any overlying strata in the same sequence of rocks.
� is method can only be used to identify the relative 

ages of rock strata in the same sequence. Based on position 
alone, the relative ages of strata from di� erent sequences in 
widely separated regions of the world cannot be identi� ed.

However, another method can be used to identify 
the relative ages of rock strata from di� erent locations 
throughout the world. � is method makes use of the 
law of fossil succession, namely that the fossils found in 
sedimentary rocks change over time and that the species 
that were alive at one time di� er from those that were alive 
before or after that time. Because species change over time, 
the fossils that they leave are distinctive and can be used to 
identify rocks of the same age, even in di� erent sequences 
and in di� erent locations. (See � gure 10.15 and the dis-
cussion on the next page concerning graptolites.)

FIGURE 10.15 Examples of some of the many different species of graptolite that existed during the Ordovician period 
(485–444 Mya) and into the Silurian period. Note the different arrangements of the branches (stipes) and the cups 
(thecae) on the branches.
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FIGURE 10.14 The principle 
of superposition states that 
older layers of rock are at 
the bottom of a sequence 
of strata and are overlain by 
progressively younger layers. 
Note that, of the six strata 
(layers) shown, the oldest is 
layer A and the youngest F.

Youngest layer

Oldest layer
A
B
C
D
E

F

UNCORRECTED ages of rock strata in the same sequence. Based on position 

UNCORRECTED ages of rock strata in the same sequence. Based on position 
alone, the relative ages of strata from di� erent sequences in 

UNCORRECTED alone, the relative ages of strata from di� erent sequences in 
widely separated regions of the world cannot be identi� ed.

UNCORRECTED widely separated regions of the world cannot be identi� ed.
However, another method can be used to identify 

UNCORRECTED 
However, another method can be used to identify 

the relative ages of rock strata from di� erent locations 

UNCORRECTED 
the relative ages of rock strata from di� erent locations 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

Stipe

UNCORRECTED 

Stipe

Tetragraptus Didymograptus

UNCORRECTED 

Tetragraptus Didymograptus

Pendant

UNCORRECTED 

Pendant

Thecae

UNCORRECTED 

Thecae

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 
Youngest layer

UNCORRECTED 
Youngest layer

PAGE shale or limestone. � e stratigraphic method of dating sedimentary rocks gives 

PAGE shale or limestone. � e stratigraphic method of dating sedimentary rocks gives 
the relative ages of the rock strata by using the principle of superposition. 

PAGE the relative ages of the rock strata by using the principle of superposition. 
� is principle simply states that, for rock layers or strata (singular: stratum), 

PAGE � is principle simply states that, for rock layers or strata (singular: stratum), 
the oldest stratum is at the bottom and progressively younger layers lie above 

PAGE 
the oldest stratum is at the bottom and progressively younger layers lie above 
it (see � gure 10.14). Likewise, fossils found in a lower stratum are older than 

PAGE 
it (see � gure 10.14). Likewise, fossils found in a lower stratum are older than 

fossils in any overlying strata in the same sequence of rocks.

PAGE 
fossils in any overlying strata in the same sequence of rocks.

� is method can only be used to identify the relative PAGE 
� is method can only be used to identify the relative 

ages of rock strata in the same sequence. Based on position PAGE 
ages of rock strata in the same sequence. Based on position 
alone, the relative ages of strata from di� erent sequences in PAGE 

alone, the relative ages of strata from di� erent sequences in 

PROOFSLikewise, the ages of fossils or of geological structures, such as a deposit of 

PROOFSLikewise, the ages of fossils or of geological structures, such as a deposit of 
mudstone or a layer of solidi� ed volcanic ash (tu� ), can be given in either rela-

PROOFSmudstone or a layer of solidi� ed volcanic ash (tu� ), can be given in either rela-

Two methods that may be used to identify the relative ages of rocks and fossils are:

PROOFS
Two methods that may be used to identify the relative ages of rocks and fossils are:

the stratigraphic method, which is based on the principle of superposition

PROOFS
the stratigraphic method, which is based on the principle of superposition
the use of index fossils, which is based on the law of fossil succession.

PROOFS
the use of index fossils, which is based on the law of fossil succession.
Fossils are found in sedimentary rocks, such as a mudstone, sandstone, PROOFS

Fossils are found in sedimentary rocks, such as a mudstone, sandstone, 
shale or limestone. � e stratigraphic method of dating sedimentary rocks gives PROOFS

shale or limestone. � e stratigraphic method of dating sedimentary rocks gives 
the relative ages of the rock strata by using the principle of superposition. PROOFS

the relative ages of the rock strata by using the principle of superposition. 



457CHAPTER 10 Changes in biodiversity over time

c10ChangesInBiodiversityOverTime 457 25 October 2016 10:03 AM

� e fossils that are most useful for this purpose are so-called 
index fossils. � ese are geologically short-lived species that have a limited 
occurrence in the fossil record and so are found only in a restricted depth of 
sedimentary rock strata, and are widely distributed. � e presence of these 
fossils in rock strata even in widely separated regions of the world can identify 
these rocks as having the same age (see � gure 10.16). Before radiometric dating 
became available, correlating the fossils present in rocks was the best method 
available to date rock layers relative to one another.

Graptolites are one important group of index fossils because:
1.  several hundred species of graptolites exist, each readily distinguishable by 

the number of branches (stipes) and the arrangement of the cups (thecae) 
on the branches (see � gure 10.15)

2.  they occur in the fossil record from the Cambrian to the Carboniferous
3.  each di� erent species existed for a limited time only in the fossil record; that 

is, graptolites underwent rapid evolution
4.  they are widely distributed globally because graptolites formed � oating col-

onies that drifted on the ocean surface.

FIGURE 10.16 The law of 
fossil succession allows 
the relative ages of rocks in 
different parts of the world 
to be inferred, based on 
distinctive index fossils.

First area Second area

� ese two methods give the relative ages of rock layers throughout the 
world. Rocks of the same age are identi� ed by the name of a geological period, 
such as Devonian or Jurassic. Likewise, fossils can be dated as the same, or as 
younger or as older than a particular index fossil.

Absolute age: using ‘rock clocks’ to tell age
During the twentieth century, techniques for identifying the absolute ages of 
rocks were developed. � e most important method of estimating the abso-
lute ages of rocks is the radiometric dating technique, which is based on the 
decay of certain radioactive elements. � e radioactive elements concerned 
are those present in minerals in igneous rocks, and each element decays at a 
known rate. Igneous rocks form when molten rock solidi� es, either below the 
Earth’s surface (for example, granite, a plutonic rock) or on the Earth’s surface 
(for example, basalt and tu� , which are volcanic rocks).

Radiometric dating cannot be applied to sedimentary rocks that are derived 
from the erosion of pre-existing rocks because the minerals that they contain 
were formed prior to the sedimentary rocks themselves. Although igneous 
rocks do not contain fossils, radiometric dating of igneous rocks can give an 
estimate of the age of fossils.
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ODD FACT

Using the law of fossil 
succession, William Smith 
(1769–1839) produced, in 
1815, the � rst large-scale 
geologic map that showed 
the different rock strata of 
England, Wales and part 
of Scotland. Would you be 
surprised to know that Smith 
was a surveyor who worked 
on the construction of canals 
in Britain?
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� is can occur, for example, when fossils are embedded in a sedimentary 
rock layer that is located between layers of solidi� ed volcanic ash (tu� ). � e 
age of a fossil can be inferred to lie within the range de� ned by the ages of the 
tu�  layers above and below the fossil (see � gure 10.17).

FIGURE 10.17 Diagram showing fossils in a sedimentary layer located between 
layers of solidi� ed volcanic ash or tuff (shown in brown). These volcanic ash layers 
can be given an absolute age using a radiometric dating technique. The age of 
the fossils can be inferred to lie in the range of 545 to 520 million years ago.

520 Mya

545 Mya

520 Mya520 Mya520 Mya

� e principle of radiometric dating depends on the fact that various 
elements exist in two or more forms known as isotopes, some of which are 
radioactive. � e radioactive isotopes, which can be called ‘parents’, sponta-
neously decay or break down over time to form stable daughter products. 
� e rate of the decay is speci� c for each radioactive isotope, and the half-
life is the time taken for half the original radioactive isotope to decay (see 
� gure 10.18). Table 10.1 shows some of the radioactive isotopes used for abso-
lute dating and their stable daughter products. Each technique can be used 
over a particular age range that depends on the half-life of the parent radio-
active isotope.

FIGURE 10.18 Idealised 
decay of a radioactive 
parent element over a time 
period of � ve half-lives. What 
percentage of parent is left 
after one half-life? After two 
half-lives?
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ODD FACT

Using the decay of radioactive 
elements, the age of the oldest 
rocks yet found on Earth has 
been estimated at 4300 million 
years. These rocks come from 
an ancient bedrock in northern 
Canada. Rocks of this age 
are not widespread. Can you 
suggest why?
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TABLE 10.1 Some radioactive parent isotopes and the daughter products of decay. The longer the half-life of a 
radioactive isotope, the older the material that can be dated using a particular radiometric method.

Radioactive parent 
isotope

Daughter 
product

Half-life 
(years) Comments

Carbon-14 Nitrogen-14 5  730 Used for dating organic (carbon-based) remains; useful for ages up 
to about 60  000 years old

Uranium-235 Lead-207 710  000  000 Used for dating igneous rocks containing uranium-based minerals; 
useful in the range from 10 million years and older

Potassium-40 Argon-40 1  300  000  000 Used for dating igneous rocks containing K-bearing minerals, such as 
feldspars; useful in the range from 0.5 Myr and older

Rubidium-87 Strontium-87 47  000  000  000 Can be used to date the most ancient igneous rocks on planet Earth

A particular radiometric technique can be used to date only material that 
contains a speci� c radioactive parent isotope. For example, carbon-14 dating 
cannot be used to estimate the age of zircon crystals (ZrSiO4) in a rock but can 
be used to date linen fabric from an ancient Egyptian grave. Why?

Let’s look at some radiometric dating techniques and their applications.

Potassium–argon (K–Ar) dating
Absolute dating of rocks using K–Ar dating depends on the decay of radio-
active potassium-40 isotope present in minerals found in rocks that form when 
molten magma cools and solidi� es either at depth below the Earth’s surface 
or on the surface. Rocks formed in this way are called igneous rocks (from 
Latin ignis = � re). Examples of these rocks are granite, which solidi� es at depth 
below the Earth’s surface, and basalt, which solidi� es on the Earth’s surface.

Potassium (K) is present in some of the minerals found in many igneous 
rocks. One common mineral is orthoclase, a potassium aluminium silicate 
(KAlSi3O8) that is found in granite (see � gure 10.19a). A small � xed proportion 
(approximately 0.012%) of potassium is in the form of the radioactive isotope 
potassium-40, while most is in the stable form of potassium-39. Potassium-40 
decays at a known constant rate to form the inert gas argon-40, which accumu-
lates within potassium-containing mineral crystals in rock (see � gure 10.19b). 
� e older a rock, the longer the time available for potassium-40 to decay and 
for argon-40 to accumulate. � e potassium-39 does not decay and it provides a 
measure of the original amount of potassium-40 present.

FIGURE 10.19 (a) Granite, an igneous rock, showing its crystalline structure. The pink crystals are the mineral orthoclase, 
the black are mica and the white are quartz crystals. Of these three minerals, which could be used to date this rock using 
the potassium–argon (K–Ar) procedure? (Image (a) courtesy of Judith Kinnear.) (b) Over time, the amount of potassium-39 
remains constant, but the radioactive potassium-40 progressively decays to form argon-40, a gas that is trapped in the rock.
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Molten rock (magma), which has temperatures of about 1000  °C, contains 
no argon-40 because this gas is driven out of the rock at these temperatures. 
However, once the rock has cooled and solidi�ed, the ‘rock clock’ starts and 
the argon-40 begins to accumulate.

Age estimates are done under carefully controlled conditions in which the 
sample of rock under test is heated in a vacuum, releasing argon-40 atoms, 
which are measured using a highly sensitive instrument. From this result and 
measurements of the amount of potassium-39, the absolute age of the rock can 
be calculated.

Argon-39/argon-40 dating
A modi�cation of the K–Ar dating technique is the argon-39/argon-40 dating 
technique. �is technique can be done with just one mineral crystal. In contrast, 
the K–Ar technique described above requires two samples: one to measure the 
K-39 content and another for a separate measure of the Ar-40 content. In the 
argon-39/argon-40 technique, the sample to be dated is irradiated with neutron 
particles and this converts the stable K-39 to Ar-39. �e amounts of the two 
argon isotopes are measured, giving an age estimate of the mineral.

Carbon-14 dating
All living organisms are built of carbon-containing organic matter, such as 
proteins (for example, the keratin of hair, nails, hooves and claws, and the 
collagen of bones) and structural carbohydrates (for example, the cellulose of 
plant tissues). When an organism is alive, the carbon in its organic matter is a 
mixture of two isotopes:
•	 the stable isotope carbon-12 (C-12)
•	 the radioactive isotope carbon-14 (C-14), which decays to N-14.

In life, the proportion of these two isotopes is constant and matches that 
in the carbon dioxide in the atmosphere. �is proportion remains constant 
during the life of an organism.

After the death of an organism, however, the proportion of carbon-14 
decreases as this isotope decays and is not replaced. As the time after death 
increases, the ratio of C-14 to C-12 becomes progressively smaller. After one 
half-life of 5730 years, half the original amount of C-14 present in the organic 
material at the time of death will have disappeared, and so on for each suc-
cessive half-life period. By measuring the ratio of C-14 to C-12 in a sample of 
organic material, an estimate of the time since death of the organism that pro-
duced this material can be obtained.

C-14 dating can date bones and also artefacts, such as the wooden handle of 
a tool and a localised collection of ash and fragments of burnt wood found in 
a cave. �is burnt wood might be from the hearth of some early humans, such 
as Neanderthals, who sheltered in the cave 35  000 years ago or it might be of 
recent origin. C-14 dating can estimate the absolute age of this material and 
distinguish between these two possibilities provided the wood sample is not 
older than about 60  000 years.

Electron-spin resonance (ESR)
Carbon dating is not useful for organic material older than about 60  000 years. 
However, another technique of dating, known as electron-spin resonance 
(ESR), is useful for ages of about 50  000 years old to 500  000 years old. �is 
period encompasses much of the evolutionary history of the genus Homo.

�e ESR dating technique depends on the fact that when objects are buried 
they are bombarded by natural radiation from the soil. When these objects are 
composed of minerals, such as �int tools and fossil teeth, this bombardment 
causes some of the electrons in the minerals to move from the ground state 
to a higher energy level and some to remain trapped at higher energy levels. 

ODD FACT

C-14 dating was used to 
obtain an estimate of the 
age of the Shroud of Turin 
since the shroud material was 
made of �ax, a plant material.

ODD FACT

Willard Libby (1908–1980) 
developed carbon dating in 
1947 and was awarded the 
Nobel Prize in Chemistry in 
1960.

�e rate at which high-energy electrons become trapped is determined by the 
background radiation; the longer the material has been buried, the greater the 
accumulation of higher energy electrons.

When material is exposed to heat, �re or bright sunlight, all the electrons 
return to the ground state so that the ‘electron clock’ is reset to zero. As a result, 
ESR can be used to estimate the time since material under investigation was 
last heated, such as when a �int instrument was burnt in a �re or when a tooth 
last lay exposed on the ground in sunlight.

In ESR, scientists make direct measurements of:
1. the number of high-energy electrons trapped in the material under 

investigation
2. the radiation owing to any unstable isotopes in the material itself (why?)
3. the background radiation in the soil in which the sample was buried.

Using these measures, it is possible to calculate a date that indicates the time 
that has passed since the ‘electron clock’ was last set to zero.

KEY IDEAS

 ■ The age of the Earth has been variously estimated using different 
procedures.

 ■ Radiometric techniques have provided reliable estimates of the Earth’s age.
 ■ The history of Earth is organised into an international geologic time scale.
 ■ Ages can be expressed in either relative or in absolute terms.
 ■ The principle of superposition and the principle of fossil succession 
provide the relative ages of rocks and fossils.

 ■ Radiometric techniques based on the decay of naturally occurring 
radioactive isotopes can be used to estimate the absolute ages of rocks.

QUICK CHECK

4 List a particular contribution of the following to the debate about the age of 
the Earth:
a James Hutton.
b Charles Lyell.

5 Identify the following statements as true or false:
a Absolute age gives the age of an object in a number in years.
b Radiometric methods of dating yield the relative age of an object.
c Carbon dating could be used to tell the age of Australian coal deposits 

from the Permian period.
d When half of a radioactive parent element has decayed, an equivalent 

amount of daughter element(s) will have been produced.
e Over two half-lives, the initial amount of a radioactive parent element will 

be halved.
f All radioactive elements have equal rates of decay.

6 Explain brie�y the principle of superposition.
7 List the following geological periods in order, from oldest to most recent: 

Cretaceous, Triassic, Cambrian, Carboniferous.

Changing life forms over time
Imagine that we could travel back in time on planet Earth down the geologic 
time scale (refer back to �gure 10.13 on page 455). Let’s borrow a time machine 
from the Back to the Future �lm and journey to four periods of time on the geo-
logic time scale. �e further back in time we travel, the less familiar the scene 
around us will be.
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�e rate at which high-energy electrons become trapped is determined by the 
background radiation; the longer the material has been buried, the greater the 
accumulation of higher energy electrons.

When material is exposed to heat, �re or bright sunlight, all the electrons 
return to the ground state so that the ‘electron clock’ is reset to zero. As a result, 
ESR can be used to estimate the time since material under investigation was 
last heated, such as when a �int instrument was burnt in a �re or when a tooth 
last lay exposed on the ground in sunlight.

In ESR, scientists make direct measurements of:
1. the number of high-energy electrons trapped in the material under 

investigation
2. the radiation owing to any unstable isotopes in the material itself (why?)
3. the background radiation in the soil in which the sample was buried.

Using these measures, it is possible to calculate a date that indicates the time 
that has passed since the ‘electron clock’ was last set to zero.

KEY IDEAS

 ■ The age of the Earth has been variously estimated using different 
procedures.

 ■ Radiometric techniques have provided reliable estimates of the Earth’s age.
 ■ The history of Earth is organised into an international geologic time scale.
 ■ Ages can be expressed in either relative or in absolute terms.
 ■ The principle of superposition and the principle of fossil succession 
provide the relative ages of rocks and fossils.

 ■ Radiometric techniques based on the decay of naturally occurring 
radioactive isotopes can be used to estimate the absolute ages of rocks.

QUICK CHECK

4 List a particular contribution of the following to the debate about the age of 
the Earth:
a James Hutton.
b Charles Lyell.

5 Identify the following statements as true or false:
a Absolute age gives the age of an object in a number in years.
b Radiometric methods of dating yield the relative age of an object.
c Carbon dating could be used to tell the age of Australian coal deposits 

from the Permian period.
d When half of a radioactive parent element has decayed, an equivalent 

amount of daughter element(s) will have been produced.
e Over two half-lives, the initial amount of a radioactive parent element will 

be halved.
f All radioactive elements have equal rates of decay.

6 Explain brie�y the principle of superposition.
7 List the following geological periods in order, from oldest to most recent: 

Cretaceous, Triassic, Cambrian, Carboniferous.

Changing life forms over time
Imagine that we could travel back in time on planet Earth down the geologic 
time scale (refer back to �gure 10.13 on page 455). Let’s borrow a time machine 
from the Back to the Future �lm and journey to four periods of time on the geo-
logic time scale. �e further back in time we travel, the less familiar the scene 
around us will be.
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First stop: Pleistocene epoch
Travel back to about 60  000 years in the late Pleistocene 
epoch in Australia and the view would look fairly familiar. 
You would � nd a familiar plant community that included 
grasses and familiar � owering plants including trees and 
shrubs such as eucalypts and wattles. Many of the birds and 
the mammals, both marsupial and monotreme, would also 
look somewhat familiar. However, you would be surprised 
to see wombats (Phascolonus gigas) that are the size of cows, 
and kangaroos (Macropus titan and Procoptodon goliah) 
that would match the height of the tallest AFL ruckman, and 
Diprotodon optatum, the largest marsupial, with a mass of 
over 1000 kg (see � gure 10.20a, and � gure 10.21 below). � is 
was the time of the so-called megafauna (mega- = large); 
not only large mammals, but also giant goannas (Megalania 
prisca) that reached lengths of more than six metres, and 
giant � ightless birds, such as Genyornis newtoni, two metres 
tall. (Go to the box at the end of this section to read about the 
Australian megafauna.)

Second stop: Cretaceous period
Travel further back to the mid-Cretaceous period, about 
110  Mya, and the dominant terrestrial life forms are no longer 
mammals, but are dinosaurs, including Triceratops prorsus 
and Tyrannosaurus rex (see � gure 10.20b). You might be 
lucky enough to notice fur-covered mammals, but they are 
small and probably nocturnal. Pterodactyls can be seen in 
the skies. � e seas are the home not only of � sh and sharks, 
but also of large marine reptiles. � ese marine reptiles, such 
as pliosaurs and plesiosaurs, swam in the vast Eromanga Sea, 
which covered much of present-day inland arid Australia 
from about 90 to 130  million years ago. Central Queensland is 
a rich source of these fossils, including the as-yet unclassi� ed 
magni� cent ‘Penny the plesiosaur’ (see � gure 10.22 below). 
� e dominant plant life consists mainly of ferns, cycads and 
conifers, but � owering plants are present and are diversifying.

Third stop: Ordovician period
Travel further back to the mid-Ordovician period, about 
460  Mya, and the land is virtually bare. Only a few small primi-
tive plants are beginning to appear on the land. No terrestrial 
animals are to be seen; animal life is con� ned to aquatic 
habitats (see � gure 10.20c). No croaking of frogs, since amphib-
ians appeared only about 360  Mya. No fear of a crocodile attack 
since the � rst reptiles do not appear in the fossil record until 
about 300  Mya. � e animal life of the Ordovician is dominated 
by marine invertebrates. � e dominant invertebrates are the 
trilobites, but also present are other invertebrates including 
crinoids, molluscs such as brachiopods, coral polyps, cepha-
lopods, and graptolites. Graptolites were tiny marine animals 
that lived in colonies, most often free-� oating. A colony con-
sisted of one or more small branches that supported cup-like 
structures in which each animal lived (see � gure 10.23). If we 
look carefully, we might see the � rst vertebrates — the jawless 
� sh. However, there are no sharks, no bony � sh, no lobe-� nned 
� sh in the Ordovician seas of planet Earth.

FIGURE 10.20 Reconstructed views of life 
on Earth at various times: (a) the Pleistocene 
epoch, (b) the Cretaceous period, (c) the 
Ordovician period, and (d) the Archaean eon.
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Last stop: Archaean eon
Travel back to the Archaean eon, about 3000  Mya, to a world that appears very 
strange to our human eyes. � e atmosphere would be deadly for us because it is 
without oxygen (anoxic). � e land is devoid of plants and animals. Because the 
ozone layer was not yet formed, high levels of damaging ultraviolet radiation reach 
the Earth’s surface. � e only life forms are prokaryotic microbes, largely unseen. 
Visible signs (biosignatures) of their existence might be seen in the characteristic 
marks and patterns left on sediments where microbial mats were once present. 
Other biosignatures of microbial activity that we would more easily see are 
dome-shaped structures called stromatolites in shallow seas (see � gure 10.20d). 
Stromatolites are layered rocks that build up one layer at a time when microbial 
colonies of cyanobacteria trap sediments. Stromatolites can be see today in the 
hypersaline waters in Shark Bay in Western Australia (see � gure 10.24).

FIGURE 10.21 First stop — 
Pleistocene: Skull of 
Diprotodon optatum. The 
length of the skull is almost 
one metre. The diprotodons 
were members of Australia’s 
megafauna. (Image from 
Plate XXXV of Owen’s Fossil 
Mammals of Australia, 1870.)

FIGURE 10.22 Second stop — 
Cretaceous: Fossil bones of 
the as-yet unclassi� ed ‘Penny 
the plesiosaur’ on display 
at the Kronosaurus Korner in 
Richmond, central Queensland. 
Remarkably, the skeleton is 
almost complete. Note the 
four large paddle-like limbs 
that propelled Penny through 
the Eromanga Sea in the 
Cretaceous period. (Image 
courtesy of Judith Kinnear.)
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FIGURE 10.23 Third stop — Ordovician: Tetragraptus fruticosus, a graptolite 
colony that � oated in the Ordovician seas. Note the small cups that appear as 
serrations along the branches of the graptolite. Each cup housed one of the 
animals that formed part of the living graptolite colony. (The longest branch 
shown here is about � ve centimetres long.) (Image courtesy of Judith Kinnear.)

FIGURE 10.24 (a) Fossil stromatolites from the Bitter Springs formation east of Alice Springs. (Specimen from the 
Houston Museum of Natural Science.) Note the multi-layered structure that is a distinctive biosignature of microbial 
activity, in particular, cyanobacteria. These layers are built when sediments became trapped by a sticky microbial mat of 
cyanobacteria. (b) Stromatolites as seen today in the hypersaline Hamlyn Pool in Shark Bay, Western Australia.

(b)(a)

In our time travels, we saw changes in Earth’s biodiversity. Table 10.2 shows 
approximate times of some major landmarks in these changes. Until about 
400  Mya, plants and animals were almost all limited to life in the oceans. 
Since plants and animals became established on land, Earth’s life forms have 
become more diverse.
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TABLE 10.2 Approximate times of appearance of various life forms on Earth. Note 
that for most of Earth’s history, the only life forms were unicellular organisms — � rst, 
prokaryotic microbes, which later were joined by unicellular eukaryotic organisms.

Approx. time Emergence of life forms

~ 4500 Mya � e lifeless (abiotic) Earth

~ 3800 Mya First prokaryotic cells

~ 3500 Mya First photosynthetic bacteria

~ 2500 Mya First aerobic (oxygen-using) microbes

~ 2100 Mya First unicellular eukaryotes

    ~ 600 Mya First multicellular eukaryotes

    ~ 500 Mya First vertebrates (jawless � sh)

    ~ 479 Mya First insects

    ~ 450 Mya First land plants

    ~ 365 Mya First amphibians

    ~ 360 Mya First ferns

    ~ 330 Mya Earliest reptiles

    ~ 250 Mya First conifers

    ~ 160 Mya First mammals

    ~ 130 Mya First � owering plants

In the next section, we will explore fossils — the various kinds and how they 
are formed. Earlier in this chapter (see page 456), the relative and the absolute 
dating of fossils was discussed.

AUSTRALIAN MEGAFAUNA

Major � omas Mitchell (1792–1855), an explorer and 
surveyor, collected some fossil bones in a cave near 
Wellington, New South Wales. � ese bones were 
sent to England to Sir Richard Owen (1804–1892), 
the leading vertebrate fossil expert at that time (and 
an outspoken opponent of Darwin’s theory of evol-
ution). From these bones, Owen reconstructed the 

skeleton of an extinct marsupial mammal, now 
known as Diprotodon (see � gure 10.25). � is animal 
was a member of a diverse group of animals known 
as the Australian megafauna (= ‘giant animals’). � e 
term ’megafauna’ refers to large extinct vertebrates 
that lived during the Pleistocene epoch and which 
grew to sizes larger than their close relatives.

FIGURE 10.25 (a) Skeleton of Diprotodon optatum, an extinct marsupial and one of the Australian megafauna. 
(b) Reconstruction of Diprotodon optatum. (Images courtesy of Judith Kinnear.)

(continued)
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� e Australian megafauna included animals 
from di� erent vertebrate classes (see � gure 10.26 
and table 10.3). Starting about 50  000 years ago, 

megafauna species began to disappear. � e cause of 
their extinction is not clear and debate continues on 
this matter.

FIGURE 10.26 Some of Australia’s megafauna that lived during the Pleistocene epoch but became extinct from 
55  000 to 10  000 years ago. At left are a person and a modern red kangaroo for scale. (Arbitrary colours have 
been used.)

TABLE 10.3 Examples of megafauna, now extinct, that lived during the Pleistocene. Weights are estimates based 
on the known relationship between body length and mass in living animals. The number after a scienti� c name 
refers to the artist’s representation of the megafauna in � gure 10.26 above.

GROUP SCIENTIFIC NAME DESCRIPTION

monotreme 
mammals

Zaglossus hacketti (1) a sheep-sized echidna, probably the largest monotreme that ever lived

marsupial 
mammals

Diprotodon optatum (2) a hippopotamus-sized herbivore, weighing over 1000 kg, with some 
reaching up to 2000 kg

� ylacoleo carnifex (3) a carnivorous marsupial ‘lion’ with powerful cutting teeth and a leopard-
sized body of up to about 100 kg

Zygomaturus trilobus (4) a herbivore weighing up to 450 kg

Macropus titan (5) a giant � at-faced kangaroo about 2.5 m tall and weighing over 150 kg

Phascolonus gigas (6) a cow-sized wombat weighing up to 200 kg

Palorchestes azael (7) a marsupial ‘tapir’ that may have had a small trunk

Procoptodon goliah a giant kangaroo about 3 m tall and weighing up to 200 kg

birds Dromornis stirtoni the largest bird yet discovered, � ightless, about 3 metres tall and 
weighing more than 300 kg

Genyornis newtoni a large bird, weighing 100–200 kg

reptiles Wonambi naracoortensis giant Australian python, a non-venomous snake up to 6 m long that
killed its prey by constriction

Megalania prisca a giant goanna over 6 metres long and weighing up to 1000 kg

Meiolania spp. giant horned turtles, weighing between 50 and 200 kg
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Fossils: evidence of past life
Our window to life on Earth in the geological past is through fossils. Fossils 
provide evidence of the kinds of organisms that once lived on Earth and the 
fossil record illustrates how the life forms of this planet have changed over geo-
logical time.

Types of fossils
Various kinds of fossils can be identi�ed:
•	 Physical fossils are the remains of all or part of the structures of organisms, 

such as bones, teeth or leaves. Most commonly, the organic material of 
those structures is replaced by minerals (a mineralised fossil) or the organic 
matter has disappeared and the organism simply exists as an impression (an 
impression fossil).

•	 Trace fossils are preserved evidence of the activities of organisms, such as 
footprints, tooth marks, tracks, burrows and coprolites (fossilised dung).

•	 Biosignatures or biomarkers provide evidence from which past life may be 
inferred to exist.

Physical fossils
Figure 10.27 shows some examples of physical fossils. �e trilobite (�gure 10.27a) 
is an example of an impression fossil. �e original material of its exoskeleton 
has disappeared, but the impression has been preserved in the �ne-grained 
mudstone. �e ammonite fossil (�gure 10.27b) is an example of a mineralised 
fossil. �e original material of the ammonite shell has been replaced, molecule 
by molecule, by pyrite, an iron sulphide mineral.

Trace fossils
Among the best-known trace fossils are sets of dinosaur footprints, called 
dinosaur trackways. Figure 10.28 shows part of the dinosaur trackway at Lark 
Quarry. �e tracks tell the story of a Cretaceous day, 95  million years ago, when 
a mixed group of small dinosaurs were on the edge of a lake. On the approach 
of a large carnivorous dinosaur, the herd of small dinosaurs scattered, leaving 
their tracks in the mud�ats beside the lake. �is mud solidi�ed, the lake level 
rose and the footprints were progressively covered by more and more sediment.

Biosignatures
Fossils, including trace fossils, are de�nite evidence of past life. Another clue 
to past life comes from biosignatures. A biosignature is a physical or chemical 
sign preserved in minerals, rocks or sediments that can be inferred to be cellular 
or to have resulted from the metabolic activities of an organism. Biosignatures 
are important in the study of Archaean rocks when the only life forms were 
microbes that are unlikely to be fossilised.

Examples of biosignatures include:
•	 corrosion pits in rocks caused by chemosynthetic microbes
•	 detection in rocks of isotopic ratios of bio-essential elements, such as carbon 

and sulphur, that are similar to the ratios produced by life processes in 
microbes

•	 stable molecules, such as steranes (compounds derived from plasma mem-
branes), that can persist long after all other signs of the cells from which they 
came have disappeared.
Interpretation of a potential biosignature as a sign of past life must be made 

with caution as, in some cases, its origin might also be from a non-living 
(abiotic) source or it may be the result of later contamination. �e older the 
microbial signatures, the easier to confuse them with those of an abiogenic 
origin and the more di�cult to prove that they originated from the action of 
microbes.

ODD FACT

The study of fossils is known 
as palaeontology and a 
person who specialises 
in that �eld is known as a 
palaeontologist.

ODD FACT

The Lark Quarry trackways 
were excavated over an 
18-month period in 1976–77, 
revealing more than 3000 
footprints.

�e terms ‘biosignature’ and 
‘biomarker’ are both general terms 
for all possible traces of life and are 
used variously by palaeontologists, 
astrobiologists and geochemists. 
One suggested replacement term is 
‘bioindices’.
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FIGURE 10.28 A small part of the dinosaur trackway at Lark Quarry, near Winton 
in central Queensland. Some of the tracks in this � gure were made by chicken-
sized theropods with feet that had three toes of same length, with sharp claws. 
These footprints were on average 4.5  cm. (Image courtesy of Judith Kinnear.)

However, one unambiguous physical biosignature is the stromatolites from 
the Archaean eon. Fossil stromatolites are accepted as having a biological origin 
and signify the existence of microbial life at least 3.5  thousand million years ago. 
� e microbes that formed these structures cannot be detected, but the laminated 
pattern of accumulated sedimentary grains in these ancient structures cannot be 
explained by any abiotic processes (refer back to � gure 10.24a on page 464).

Fossils: macro- and microscopic
Many fossils are macroscopic and can be seen and studied with an unaided 
eye or very low magni� cation. Some fossils, however, are microscopic. � ese 
microfossils require the use of either light or electron microscopy to visualise 
them and to identify the details of their shape and other morphological features.

� e earliest life forms on Earth were prokaryotic microbes. As a result, evi-
dence of these early life forms often involves (i) searching for rocks of a relevant 
age that might have been formed under conditions suitable for early life, and 
(ii) making thin slices of these rocks and searching for microfossils. (Refer to 
Nature of Biology Book 1 Fifth Edition, page 51 to read about Dr Dave Wacey, a 
palaeontologist who found the oldest fossil cells on Earth, in the Pilbara region 
of Western Australia.)

Another important group of microfossils is that of pollen and spores. (Pollen 
grains are the male sexual reproductive cells of � owering plants and conifers, 
while spores are the asexual reproductive bodies of mosses and ferns.) Because 
of their resistant outer coats, both pollen and spores are very durable and can 
be preserved in sedimentary rocks. Equally important is the fact that the outer 
coats of pollen and spores have distinctive patterns on their surfaces enabling 
identi� cation at least to genus level and often to species level. � ese fossils are 
one tool that can assist in identifying the climate that prevailed in a region in 
the geological past.

Unit 4 Fossils
Summary screen 
and practice 
questions

AOS 1

Topic 2

Concept 2

ODD FACT

Astrobiologists have a 
strong interest in identifying 
biosignatures that could be 
indicative of life on other 
planets in our solar system or 
beyond.

Unit 4

See more
Fossils: evidence 
of past life
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Concept 2

FIGURE 10.27 Physical 
fossils. (a) Impression of 
the hard exoskeleton of a 
fossil trilobite, Elrathia kingii, 
that lived in the Cambrian 
period, about 550  Myr ago. 
(b) Fossilised ammonite shell 
(Dactylioceras commune). 
(c) Fossil of a large ammonite 
species (Mesopuzosia sp.). 
(d) Fossilised leaves from the 
extinct plant Glossopteris. 
(Images (a) through (d) 
courtesy of Judith Kinnear.)
(e) Replica of the fossil 
organism Archaeopteryx 
(= ‘ancient wing’). It shows 
bird-like features including 
feathers, but also shows 
reptile-like features including 
a long bony tail. This fossil is 
one example of a transition 
fossil that shows features of a 
modern group and features of 
an ancestral group.
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FIGURE 10.28 A small part of the dinosaur trackway at Lark Quarry, near Winton 
in central Queensland. Some of the tracks in this � gure were made by chicken-
sized theropods with feet that had three toes of same length, with sharp claws. 
These footprints were on average 4.5  cm. (Image courtesy of Judith Kinnear.)

However, one unambiguous physical biosignature is the stromatolites from 
the Archaean eon. Fossil stromatolites are accepted as having a biological origin 
and signify the existence of microbial life at least 3.5  thousand million years ago. 
� e microbes that formed these structures cannot be detected, but the laminated 
pattern of accumulated sedimentary grains in these ancient structures cannot be 
explained by any abiotic processes (refer back to � gure 10.24a on page 464).

Fossils: macro- and microscopic
Many fossils are macroscopic and can be seen and studied with an unaided 
eye or very low magni� cation. Some fossils, however, are microscopic. � ese 
microfossils require the use of either light or electron microscopy to visualise 
them and to identify the details of their shape and other morphological features.

� e earliest life forms on Earth were prokaryotic microbes. As a result, evi-
dence of these early life forms often involves (i) searching for rocks of a relevant 
age that might have been formed under conditions suitable for early life, and 
(ii) making thin slices of these rocks and searching for microfossils. (Refer to 
Nature of Biology Book 1 Fifth Edition, page 51 to read about Dr Dave Wacey, a 
palaeontologist who found the oldest fossil cells on Earth, in the Pilbara region 
of Western Australia.)

Another important group of microfossils is that of pollen and spores. (Pollen 
grains are the male sexual reproductive cells of � owering plants and conifers, 
while spores are the asexual reproductive bodies of mosses and ferns.) Because 
of their resistant outer coats, both pollen and spores are very durable and can 
be preserved in sedimentary rocks. Equally important is the fact that the outer 
coats of pollen and spores have distinctive patterns on their surfaces enabling 
identi� cation at least to genus level and often to species level. � ese fossils are 
one tool that can assist in identifying the climate that prevailed in a region in 
the geological past.

Unit 4 Fossils
Summary screen 
and practice 
questions

AOS 1

Topic 2

Concept 2

ODD FACT

Astrobiologists have a 
strong interest in identifying 
biosignatures that could be 
indicative of life on other 
planets in our solar system or 
beyond.

Unit 4

See more
Fossils: evidence 
of past life
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Bringing modern technology to the study of fossils
Today, high-resolution X-ray CT scanners are used to create detailed 3D images 
of fossils. � ese industrial CT scanners are similar to medical CT scanners, 
but they produce more intense X-rays that penetrate the fossil. � e resulting 
images enable palaeontologists to view far more detail of a fossil, both external 
and internal, and from di� erent angles.

Figure 10.29 shows the external and internal detail of a fossil as revealed by 
high-resolution X-ray CT technology. Note the four views of the digitally recon-
structed cranium — frontal view of the cranium at right, and then, moving to 
the left, a more lateral external view, and then two internal views.

FIGURE 10.29 False-coloured three-dimensional digital reconstruction of the skull of Rooneyia viejaensis, a primate 
from the Eocene of West Texas, derived from high-resolution X-ray computed tomography data. (Scanned at the 
University of Texas High-Resolution X-ray CT Facility, and courtesy of the Texas Memorial Museum.)

How fossils form
When organisms die, microbial action causes their decomposition and, after a 
period, no trace remains. Very rarely, the remains of organisms are preserved 
long after death. � is process of preservation is known as fossilisation.

� e chance of fossilisation of a dead organism is very low. As a result, the 
preservation of a signi� cant proportion of an entire skeleton of a large ver-
tebrate in one location is an unusual event. Predators and scavengers would 
be expected to consume tissues and, in so doing, disperse the remains. Great 
excitement accompanies the discovery of a near complete skeleton, such as 
the 1.6  million-year-old skeleton of the Turkana boy, now called Nariokotome 
Boy, (Homo erectus) in 1984 (see � gure 12.56 on page 584), and the discovery 
of Penny the plesiosaur, in Queensland in 1989 (refer back to � gure 10.22).

Conditions that enhance the preservation of tissues and increase the chance 
of fossilisation include:
•	 rapid burial in sediments after death; these sediments include:

 – silt deposits on a lake bed or on the � ood plain of a river
 – sediments on the sea � oor
 – ash from a volcanic eruption
 – windborne particles (loess) in a hot, dry desert.
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•	 burial in conditions that are alkaline or oxygen-depleted or even anoxic 
(oxygen-free), as, for example, the mud at the bottom of a stagnant pool or a 
still body of water, a marsh, a peat bog or an asphalt seep

•	 occurrence of death in a very cold environment where the remains are pre-
served by freezing.
After a dead organism is buried, continued deposits of sediments bury it 

more and more deeply. Gradually, the weight of the overlying sediments com-
presses the original sediment layer so that it becomes rock. Mud deposits 
become mudstone or shale, sand deposits become sandstone, and volcanic 
ash becomes tu� .

When organisms are fossilised, most often only their hard tissues are pre-
served. In rare cases, however, the entire organism is preserved as a fossil. 
� is can occur, for example, where insects become trapped in tree sap that 
becomes amber (see � gure 10.30). Another situation is where organisms are 
buried and become frozen in the Arctic permafrost, such as has occurred with 
woolly mammoths. In these cases, DNA and other organic material can be 
extracted from these fossils.

FIGURE 10.30 A winged termite � y preserved in amber. The insect last � ew in 
the skies about 40 to 50  million years ago and rested on a tree and was then 
engulfed in tree sap that became fossilised as amber.

In other cases, organisms, or parts of organisms are fossilised in an altered 
form. � is occurs when organisms are compressed under layers of sediment 
and their tissues are replaced by a thin carbon � lm showing their outlines 
(see � gure 10.31a). In other cases, the organic material of the dead organism 
is replaced by minerals, as can be seen, for example, in petri� ed wood and in 
opalised snail and clam shells (see � gure 10.31b).

Sometimes all or parts of dead organisms become covered by sediments 
that later form sandstone or mudstone. � e organisms decay, leaving a cavity 
known as a mould. When the cavity within a mould is later � lled by other 
material, such as � ne-grained sediment, a three-dimensional model of the 
organism, known as a cast, is formed (see � gure 10.32).
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(b)(a)

FIGURE 10.31 (a) Carbonised fossil showing the outline 
of part of the leaf of a fern. (Image (a) courtesy of Judith 
Kinnear.) (b) Opalised clam and snails. The material of 
the shells has been replaced by opal.

FIGURE 10.32 Cast and 
mould of a trilobite fossil. 
The image (at left) shows a 
trilobite cast. The cast formed 
when � ne sediments � lled 
the cavity within a mould. 
Note how the cast forms a 
3D image, including the eyes 
at the sides of the head. The 
image (at right) shows part 
of the mould of the trilobite. 
The mould was formed when 
the trilobite tissue decayed, 
leaving a space, the walls of 
which carried the impressions 
of the trilobite body. (Image 
courtesy of Judith Kinnear.)

An unusual case of fossilisation occurs at the La Brea tar pits in Los Angeles, 
California. � e tar pits are in fact asphalt seeps. � is site is one of the world’s 
most famous late Pleistocene fossil sites. Here, fossils are recovered, not from 
buried sediments, but from asphalt seeps. � e sticky asphalt preserves the 
bones of any organism that is trapped in it (see � gure 10.33).

More than 600 di� erent species have been found in these asphalt seeps, 
with ages ranging from 50  000 to 10  000 years ago (late Pleistocene). 
Organisms found at La Brea include amphibians, reptiles, birds and mammals. 
Among the many predatory mammalian species found are dire wolves (Canis 
dirus), the most common species recovered, sabre-toothed cats (Smilodon 
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fatalis), the next most common species, and the Pleistocene coyote (Canis 
latrans). Other fossils recovered include ground sloths (Paramylodon harlani) 
and even mammoths (Mammuthus columbi).

In a typical ecosystem, the ratio of carnivores to herbivores is about 1 to 10. 
In the fossil assemblage recovered at the La Brea tar pits, the ratio of carnivores 
to herbivores is about 10 to 1. What factor(s) might have produced this atypical 
ratio? � is ratio arises because if a herbivore became trapped in the asphalt 
seep, this attracted numbers of carnivores, such as a pack of dire wolves, many 
of which were themselves trapped.

FIGURE 10.33 An excavator, 
Christina Lutz, at work for 
the Page Museum clearing 
bones recovered from the La 
Brea tar pits. (Image courtesy 
of La Brea Tar Pits and Page 
Museum, USA.)

KEY IDEAS

 ■ The biodiversity on Earth has changed over geologic time.
 ■ Fossils provide evidence of the forms of past life on Earth.
 ■ Evidence of past life may be categorised as structural, as trace fossils or 
as biosignatures.

 ■ Structural fossils are often greatly altered, and may be impressions or may 
be mineralised.

 ■ Fossilisation of a dead organism can only occur under special conditions.

QUICK CHECK

 8 Identify the following statements as true or false:
a Fossilisation is the most common fate of dead organisms.
b Physical fossils may have little, if any, of the organic material of the 

original organism.
c Hard structures of a vertebrate, such as the bones and teeth, are more 

likely to be fossilised than its soft tissues.
d A terrestrial ecosystem in the Ordovician period would be expected to 

be similar to one in the Triassic period.
 9 What is the difference between:

a a trace fossil and a physical fossil
b a biosignature and a fossil
c a cast and a mould
d a fossil impression and a mineralised fossil?

10 List two conditions that would favour fossilisation.

ODD FACT

To date, fossil bones of 
more than 2000 individual 
sabre-toothed cats have 
been recovered from the La 
Brea tar pits, and more than 
4000 dire wolves.
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Evidence of biological change 
over time
Let’s examine some of the evidence of biological change over time:
•	 the fossil record
•	 structural morphology
•	 biogeography
•	 developmental biology.

The fossil record
� e Darwin–Wallace theory of evolution states that the various kinds of organ-
isms living today evolved from ancestral kinds that lived in the geologic past. 
So, according to this theory, the rich diversity of the animals, plants, fungi, bac-
teria and archaea living on Earth today did not appear simultaneously but are 
the products of evolution over thousands of millions of years. � e fossil record 
is one way in which this theory can be tested.

� e fossil record reveals that, over time, changes have occurred in the types 
of organisms living on this planet. At one time, no terrestrial animals or plants 
existed. Conversely, many groups of plants and animals that were abundant in 
the past, such as trilobites (see � gure 10.34), dinosaurs and giant club mosses, 
no longer exist. Other kinds of organisms living today, such as � owering plants 
and marsupial mammals, are absent from the fossil record of the distant geo-
logical past, and so are geological ‘newcomers’.

FIGURE 10.34 Fossils reveal 
evidence of past events. On 
a day about 450  million years 
ago, some trilobites were 
trapped in muddy sediment, 
perhaps in a pool that was 
drying out, where they died 
and were covered by further 
sediment and were eventually 
fossilised. They were revealed 
when the rock was fractured 
by a geologist’s hammer 
450  million years later.
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Di� erent kinds of organisms do not occur randomly in the fossil record but 
are found only in rocks of particular ages and appear in a consistent order; this 
is known as the law of fossil succession. For example:
•	 the � rst prokaryotes (microbes) appear in the fossil record long before the 

� rst eukaryotes
•	 the � rst single-celled organisms appear before the � rst multicellular organisms
•	 the � rst simple soft-bodied animals appear before the � rst complex animals 

with exoskeletons or with shells
•	 the � rst amphibians appear in the fossil record before the � rst reptiles
•	 the � rst ferns appear in the fossil record before the � rst � owering plants 

occur, and so on.
Sequences such as these can be seen in the fossil record worldwide. No 

exceptions have been found.
Figure 10.35 shows the approximate times of appearance of major groups of 

organisms.

FIGURE 10.35 Distribution of 
major groups over geological 
time.
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Let’s now look at the fossil record in terms of the major groups in more 
detail. Figure 10.36 shows a representation of the fossil record that identi� es 
the time of � rst appearance in the fossil record of many di� erent subgroups. 
� is � gure does not show extinctions.

� e fossil record can also be examined for a particular group of organisms, 
such as the vertebrates. Figure 10.36 shows the fossil record for the vertebrates. 
Note that the � rst representatives of the vertebrates were the jawless � sh, 
whose fossils � rst appeared in the Ordovician period.

If evolution has occurred, then it would be predicted that various life forms 
would appear in a predictable and consistent sequence in the fossil record, 
with ancestral species appearing in the fossil record before the species that 
evolved from them. Amphibians are believed to be ancestral to the reptiles and, 
consistent with this, the � rst amphibians appear in the fossil record before the 
� rst reptiles. Likewise, the � rst reptiles appear in the fossil record before the 
� rst birds. � e fossil record provides evidence in support of the prediction 
that ancestral species will appear before the species that descend from them. 
In contrast, special creation of species would not necessarily be expected to 
produce species in such a sequence.

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

Distribution of 

UNCORRECTED 

Distribution of 
major groups over geological 

UNCORRECTED 

major groups over geological 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED P
AGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE 

PAGE P
ROOFS

the � rst ferns appear in the fossil record before the � rst � owering plants 

PROOFS
the � rst ferns appear in the fossil record before the � rst � owering plants 

Sequences such as these can be seen in the fossil record worldwide. No 

PROOFSSequences such as these can be seen in the fossil record worldwide. No 

Figure 10.35 shows the approximate times of appearance of major groups of 

PROOFS
Figure 10.35 shows the approximate times of appearance of major groups of 

PROOFS
Preserved remains

PROOFS
Preserved remains

Protists PlantsPROOFS

Protists Plants

Eukaryotes

PROOFS

Eukaryotes

PROOFS

PROOFS

PROOFS

PROOFS

PROOFS

PROOFS

PROOFS



NATURE OF BIOLOGY 2476

c10ChangesInBiodiversityOverTime 476 25 October 2016 10:03 AM

FIGURE 10.36 Simpli� ed representation of the fossil record. More recent dating techniques place the end 
of the Cambrian period at 541 Mya, and recent studies suggest that the � rst insects lived about 412 million 
years ago, during the Early Devonian Period. Overall, note the biological changes over time.
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If evolution has occurred and if species can change over geologic time, then 
it would be predicted that the fossil record would reveal changes starting from 
an ancestral species that evolved into one or more new species, and these in 
turn evolved into yet di� erent species. One example of evolutionary change 
can be seen in the evolution of the horse family (see � gure 10.37). Members of 
the genus Equus are the only living representatives.

FIGURE 10.37 Evolution in the horse family involved many lines of descent and 
only some are shown. The various horse species are drawn to scale.
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Figure 10.38 shows some of the structural di� erences in a few members of 
the horse family. � ese structures include feet, toe number, molar teeth and 
skull.

� e � rst horse species (Hyracotherium) was about the size of a grey-
hound dog. It lived about 38–54 Myr ago in a forest environment, walked 
on four-toed feet and browsed soft leaves that it chewed with its small low-
crowned molar teeth. In contrast, the modern horse (Equus caballus) is a 
much larger animal. It lives on open grassy plains and can move rapidly 
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on its single-toed feet. It is a grazer that grinds tough grasses with its large 
high-crowned molar teeth that provide for greater wear during its lifetime. 
It is important to note that these changes are just samples of many di� erent 
lines that evolved over geological time from isolated populations of various 
members of the horse family that lived under di� erent environmental con-
ditions. � ese changes do not represent a single line of evolution from 
Hyracotherium to Equus.
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FIGURE 10.38 Natural selection acted on some populations within the horse family over millions of years. It favoured 
features that equipped some populations for life on the grassy plains, including loss of some functional toes, which 
enabled speedier movement, and increased height of molar teeth, which gave a selective advantage for grazing tough 
grasses that wore away the tooth structure.

Transitional fossils
If new species arise by evolution from ancestral species, it would be pre-
dicted that the fossil record should reveal some fossils that are intermediate 
between forms. Birds are believed to have evolved from a group of reptiles. 
If so, the fossil record might be expected to reveal organisms that show 
both the features of their reptilian ancestors and new features characteristic 
of birds.
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� e � rst unequivocal evidence of birds in the fossil record occurs in the 
late Jurassic period, about 150  Myr ago. A fossil skeleton of the earliest bird, 
Archaeopteryx lithographica, was found in a limestone quarry in Bavaria, 
Germany, in 1861. � e � ne-grained limestone preserved the faint impressions 
of feathers. In the absence of feather impressions, these organisms would have 
been classi� ed as reptiles.

Like modern birds, Archaeopteryx showed the characteristic presence of 
feathers and a wishbone (furcula). However, it also showed some reptilian 
features now lost in modern birds; Archaeopteryx had teeth in its beak, claws 
on its wings, unfused (free) bones in its ‘hand’ and a long jointed bony tail 
(see � gure 10.39).

FIGURE 10.39 Skeleton of (a) Archaeopteryx and (b) a modern � ying bird. The black regions on the skeletons show 
distinctive reptilian features (at left) and bird features (at right). Biological change over time may be seen in the transition 
from ancient bird to modern bird.
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Structural morphology
� e � rst mammals appeared about 200  Myr ago and all are believed to have 
evolved from a reptilian ancestor. � e various kinds of mammals that are alive 
today share a common ancestry.

If mammals are related by evolution from a common ancestor, it would be 
expected that they would show similarities in their structural features, regard-
less of their way of life. � is similarity of structure can be seen in the bones of 
forelimbs of various mammals (see � gure 10.41).

Each of these mammalian limbs has a similar number of bones arranged 
in the same basic pattern. � is similarity in basic structure exists, even though 
the limbs may serve di� erent functions. � e bones of the mammalian fore-
limbs are said to be homologous. So, the bones of a bat’s wing are homologous 
to those of a whale’s � ipper, even though one structure is specialised for � ying 
and the other is specialised for swimming.

FIGURE 10.41 The structures shown are homologous since they are all derived 
from a vertebrate forelimb. Do they have identical functions?

Bat Whale Horse HumanCat

� e various bones of the mammalian forelimb are equivalent and, by 
changing their sizes and proportions, one set of limb bones can be converted 
into another. Make one bone longer, another shorter, and so on  .  .  .  .  . � ese 
morphological changes can be achieved through mutations that change the 
time or the place (when and where) genes are active. � ese mutations act, not 
on the coding sequence of a gene, but on their regulatory sequences. (� is 
concept is discussed further in chapter 11, see page 505.)

Evolution commonly occurs by modi� cation of pre-existing structures, not 
by the production of totally new structures. � e homology seen in the pattern 
of bones in mammalian forelimbs illustrates how one basic pattern present in 
an ancestral species can, over time, be modi� ed to produce a diversity of fore-
limbs adapted for � ying, swimming, swinging and running.

� e � gure above relates just to mammalian forelimbs. In fact, if we look at 
the limbs of terrestrial vertebrates, we will see that their bone structures are 
homologous. In the case of evolution of the vertebrate limb, the pre-existing 
structures were the � ns of lobe-� nned � sh. Fossils of these � sh and also living 
lobe-� nned � sh have bones in their � ns that are similar to the bones of modern 
terrestrial vertebrates.

Evidence of biological changes expressed in structural morphology may also 
be seen in the vestigial organs that are present in some species. If organisms 
are related by evolutionary descent, some species, because of changes in their 
way of life, will show the presence of functionless and reduced remnants of 
organs that were present and functional in their ancestor. A striking example of 
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� ere are many other examples of transition fossils or intermediate forms 
that relate an ancestral group with its descendants. � ese include:
•	 primitive amphibians that show a transitional stage between the simple 

pelvic (hip) girdle present in � sh and the complex pelvic girdle in later more 
advanced amphibians

•	 fossil mammal-like reptiles that show a transitional stage between rep-
tiles with simple conical teeth and mammals with teeth di� erentiated into 
incisors, canines, pre-molars and molars.
Fossils continue to be discovered, and the following box introduces the pal-

aeontologist from the University of New England, NSW, whose fossil discovery 
featured on the front cover of the science journal Nature in December 2011.

BIOLOGIST AT WORK

Professor John Paterson — palaeontologist
Most people think that palaeontologists only dig 
up dinosaur bones. However, dinosaur experts are 
a minority in the � eld of palaeontology, with many 
specialising in organisms without a backbone. I’m 
one such palaeontologist, with my research focused 
on fossil arthropods — the group consisting of crus-
taceans, insects, spiders, centipedes, trilobites and 
kin. So, rather than spending hours on my belly 
armed with a paintbrush or arms covered in plaster, 
I typically have hammer and chisel in hand to split 
open rocks, parting the layers like the pages of a 
book. � e goal of this arduous exercise is to reveal 
the remains of ancient organisms that haven’t seen 
the light of day for millions of years and, on rare 
occasions, something truly spectacular.

I have been working with a team of palaeon-
tologists on Kangaroo Island in South Australia 
on a deposit called the Emu Bay Shale. � e fossils 
entombed within these 515-million-year-old 
rocks are exceptional, preserving a menagerie of 
marine organisms, including their soft parts, such 
as guts, muscle and eyes. One of our most exciting 
discoveries to date has been a pair of stalked com-
pound eyes that belong to the world’s � rst super 
predator, the metre-long Anomalocaris, with for-
midable grasping claws at the front of its head and 
a circular mouth lined with teeth-like serrations. 
But these are no ordinary eyes — each one is up to 
3  centimetres in length and possesses over 16  000 
lenses! � is is impressive when you consider that a 
modern house� y has around 3200 lenses and these 
species are separated in time by a mere half a billion 
years. � is � nd demonstrates that one of the earliest 
apex predators had very sharp vision.

Discovering the complex eyes of Anomalocaris 
also has important evolutionary implications. Firstly, 

it shows that a de� nitive arthropod trait — that is, 
compound eyes — exists in an animal that is on its 
way to becoming a true arthropod, from an evolu-
tionary perspective. So Anomalocaris is considered 
to be a transitional form, often incorrectly referred to 
as a ‘missing link’. Put another way, this � nd suggests 
that this particular type of visual organ appeared 
and was elaborated very early during arthropod 
evolution, originating before other characteristic 
anatomical structures of this group, such as a hard-
ened exoskeleton and jointed walking legs, which 
are missing in Anomalocaris. It also tells us that 
large, sophisticated eyes evolved with astonishing 
rapidity, as there is virtually no evidence of eyes in 
rocks older than 520  million years of age.

FIGURE 10.40 Dr John Paterson holding the 
grasping claw of Anomalocaris. Inset: reconstruction 
of Anomalocaris. (Images courtesy of Katrina Kenny 
and David Elkins.)
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Structural morphology
� e � rst mammals appeared about 200  Myr ago and all are believed to have 
evolved from a reptilian ancestor. � e various kinds of mammals that are alive 
today share a common ancestry.

If mammals are related by evolution from a common ancestor, it would be 
expected that they would show similarities in their structural features, regard-
less of their way of life. � is similarity of structure can be seen in the bones of 
forelimbs of various mammals (see � gure 10.41).

Each of these mammalian limbs has a similar number of bones arranged 
in the same basic pattern. � is similarity in basic structure exists, even though 
the limbs may serve di� erent functions. � e bones of the mammalian fore-
limbs are said to be homologous. So, the bones of a bat’s wing are homologous 
to those of a whale’s � ipper, even though one structure is specialised for � ying 
and the other is specialised for swimming.

FIGURE 10.41 The structures shown are homologous since they are all derived 
from a vertebrate forelimb. Do they have identical functions?
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� e various bones of the mammalian forelimb are equivalent and, by 
changing their sizes and proportions, one set of limb bones can be converted 
into another. Make one bone longer, another shorter, and so on  .  .  .  .  . � ese 
morphological changes can be achieved through mutations that change the 
time or the place (when and where) genes are active. � ese mutations act, not 
on the coding sequence of a gene, but on their regulatory sequences. (� is 
concept is discussed further in chapter 11, see page 505.)

Evolution commonly occurs by modi� cation of pre-existing structures, not 
by the production of totally new structures. � e homology seen in the pattern 
of bones in mammalian forelimbs illustrates how one basic pattern present in 
an ancestral species can, over time, be modi� ed to produce a diversity of fore-
limbs adapted for � ying, swimming, swinging and running.

� e � gure above relates just to mammalian forelimbs. In fact, if we look at 
the limbs of terrestrial vertebrates, we will see that their bone structures are 
homologous. In the case of evolution of the vertebrate limb, the pre-existing 
structures were the � ns of lobe-� nned � sh. Fossils of these � sh and also living 
lobe-� nned � sh have bones in their � ns that are similar to the bones of modern 
terrestrial vertebrates.

Evidence of biological changes expressed in structural morphology may also 
be seen in the vestigial organs that are present in some species. If organisms 
are related by evolutionary descent, some species, because of changes in their 
way of life, will show the presence of functionless and reduced remnants of 
organs that were present and functional in their ancestor. A striking example of 
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this change in structural morphology is seen in whales. Whales are mammals 
that evolved from a terrestrial mammalian ancestor, but they are now special-
ised for life in the seas, although they still breathe air. � e front limbs of whales 
have become � attened � ippers, and no hind limbs are apparent. However, 
their skeletons show the presence of a reduced pelvis and, in some cases, 
vestiges of the bones of the hind limbs. � e presence of vestigial hind limbs 
in whales re� ects the fact that whales evolved from four-limbed terrestrial 
mammals. In this case, the modi� cation of the pre-existing pattern involves 
the reduction and/or elimination of some bones. � e modi� cation that results 
in producing vestigial bones does not involve new gene mutations. Rather, it 
can be achieved by changing the regulation of existing genes, as, for example, 
by delaying or stopping the activation of speci� c genes.

Developmental biology
Developmental biology is the study of the processes that result in the growth 
and development of multicellular organisms. � ese studies include comparing 
the development of di� erent species in order (1) to identify their evolutionary 
relationships, and (2) to recognise how developmental processes have evolved. 
Over time, a developmental process that produces one structure in an ances-
tral species may be changed so that it produces new structures in descendant 
species.

Ancestral traits often appear and disappear at di� erent stages of the embryo-
logical development of an organism. Because they share a common ancestry, 
all vertebrate embryos display some common features at some point during 
their development. Regardless of whether or not they are present in their adult 
structure, all vertebrates display the following features during at least some 
period of embryonic development:
•	 a tail, located posterior to the anus
•	 a cartilaginous notochord, located in the dorsal midline
•	 a hollow nerve cord, located dorsally
•	 pharyngeal arches.

Figure 10.42 shows embryos of three vertebrates with two of their common 
external features — pharyngeal arches and tails.

FIGURE 10.42 Stylised 
diagram showing embryos 
of three types of vertebrate: 
� sh, reptile and mammal 
(not to same scale). Note 
the presence of common 
structures, such as tail and 
pharyngeal arches.

Pharyngeal arches

REPTILE

Tail

MAMMALFISH

Pharyngeal arches: In aquatic vertebrates, such as jawless � sh, sharks, rays 
and bony � sh, the pharyngeal arches develop into gill arches that support 
the gill � laments, which take up dissolved oxygen from the water. A con-
stant stream of water enters through the mouth of the � sh, � ows over the gill 
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� laments and exits through the gill slits (see � gure 10.43). So what happens to 
the pharyngeal arches in air-breathing vertebrates that do not have gills? In 
these terrestrial vertebrates, di� erent structures are derived from the pharyn-
geal arches: in reptiles, some arches give rise to bones of the lower jaw, and, in 
mammals, pharyngeal arch derivatives are seen in structures of the face, lower 
jaw and ear. � is is one example of how, during evolution, developmental 
processes that control ancestral features can be changed to produce new bio-
logical structures in their descendants.

Tail: Tails are structures present in most adult vertebrates, but are normally 
absent from human fetuses and newborn babies. However, human embryos at 
one stage have primitive tails. Likewise, the great apes — chimps, orang-utans 
and gorillas — also lack tails, but have them during embryonic development. 
We can reasonably explain these observations by assuming that all vertebrates 
share a common ancestor as part of their evolutionary history. � e appear-
ance of embryonic tails in tail-less vertebrates may simply be explained as a 
feature of their common ancestor that has been retained during embryonic 
development.

Hollow dorsal nerve cord: All vertebrates develop a hollow dorsal nerve 
cord during embryonic development and retain this structure throughout life.

FIGURE 10.43 Gill slits, which are the exit point of water from the gills, are visible 
in sharks and rays. In bony � sh, the gill arches are concealed beneath a panel 
known as an operculum, which is derived from the second pharyngeal arch.

Operculum

Notochord: � e notochord is a � exible rod made of cartilage. In jawless � sh, 
such as lampreys, the notochord is retained as the major skeletal structure in 
adult life. However, in all other vertebrates, the notochord is only present for a 
short time, in embryonic development, and it then disappears and is replaced 
by the vertebral column (backbone). � e notochord is a major skeletal element 
of the developing embryo that provides support, establishes the long axis of 
the embryo, and is the source of signalling molecules that shape surrounding 
tissues.

Biogeography: biogeographic 
distributions
•	 Why are there no native cacti in Australia, yet Central and North America 

have many native cacti species?
•	 Why do the Hawaiian Islands have more than 20 species of honeycreeper 

birds that occur nowhere else in the world?
•	 Why does Australia have more than 100 di� erent native marsupial species 

but Eurasia has none?
•	 Why do the Galapagos Islands have 13 species of � nch that occur nowhere 

else in the world?

FIGURE 10.44 Each isolated 
region has its distinctive native 
species of plant and animal. 
Where is this lost explorer?
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If each species was specially created, we might expect that the same ecolog-
ical niche in di� erent regions with the same environmental conditions might 
be occupied by the same species.

If, on the other hand, new species arise by biological change or evolution, 
we can predict that:
1. native species in di� erent isolated regions will be distinctive, each group 

having evolved from di� erent ancestral species
2. modern species native to a given region will be more similar to species that 

lived in that region in the geological past than to modern species living in a 
distant region with similar environmental conditions

3. the same ecological niche in di� erent isolated regions will be occupied by 
di� erent species (that are descended from di� erent ancestral species that 
once lived in that region).
Prediction 1 above is supported by observation. For example, each dis-

crete and isolated geographic region, such as an island continent or a cluster 
of oceanic islands, supports a distinctive group of endemic (native) species 
that are found nowhere else in the world. See a Sturt’s desert pea (Swainsonia 
formosa) in a natural desert setting and you know you are in Australia, but 
see a saguaro cactus (Carnegiea gigantea) and you know that you are not in 
Australia but in the south-west United States (see � gure 10.45).

FIGURE 10.45 Arid regions of 
Australia and the United States 
have similar dry environments 
but differ in their plant and 
animal life. (a) Arid Australia 
and its typical vegetation of 
porcupine grass or ‘spinifex’ 
and mulga trees. (b) The 
Sonoran Desert in the United 
States and its typical vegetation, 
which includes saguaro cacti.

(b)

(a)

Both Australia and North America have large arid areas, and in each country 
the various plant and animal species found in these areas are distinctive and 
di� erent. Table 10.4 and associated � gure 10.45 show some of the species that 
are characteristic of each region.
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TABLE 10.4 Species of two different geographic regions.

Group Region of arid Australia Region of arid North America

Mammals Marsupial:
bilby (Macrotis lagotis)
marsupial mole (Notoryctes typhlops)

Placental:
desert pocket mouse (Perognathus penicillatus)
black-tailed jack rabbit (Lepus californicus)

Plants porcupine grass (Triodia spp.)
saltbushes (Atriplex spp.)
mulga trees (Acacia aneura)

saguaro cacti (Carnegiea gigantea)
creosote bushes (Larrea tridentata)
palo verde trees (Cercidium microphyllum)

Prediction 2 (above) is supported by observation. For example, modern mar-
supial mammals of Australia are similar in structure to fossil marsupial species 
that are found in Australia; for example, at Riversleigh, fossils of a diversity of 
Australian species (reptiles, birds and mammals) have been found. � ere, dif-
ferent strata contain fossils from 25  million to just 40  000 years ago. Figure 10.46 
shows a reconstruction, based on fossil evidence, of the Riversleigh ecosystem 
from 20  million years ago, when the area was a rainforest. Birds lived here, 
including the earliest known parrots, and Emuarius, which is thought to be 
ancestral to both modern emus and cassowaries. Reptiles included crocodiles, 
turtles, lizards and snakes. � e dominant animals were the marsupials. Many 
kinds lived in the Riversleigh rainforests of 20  million years ago, including 
some that were ancestral to modern marsupials, such as kangaroos, possums, 
wombats, koalas and dasyurids. Other marsupials found in the ecosystem have 
no modern representatives; these extinct marsupial lines included so-called 
marsupial ‘lions’ and strange marsupials of the extinct genus Yalkaparidon. 
Monotreme mammals, including several ancient platypus species, lived in this 
ecosystem.

FIGURE 10.46 A reconstruction 
of the Riversleigh ecosystem 
about 20  million years ago. 
Today, the region is harsh and 
dry, except during the monsoon 
season. This location is a World 
Heritage site.
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Prediction 3 (above) is supported by observation. For example, the ant-eating 
niche on di� erent continents is occupied by di� erent species. In Australia, it is 
the echidna (Tachyglossus aculeatus); in South-East Asia, the pangolin (Manis 
temminckii); in South America, the giant anteater (Myrmecophaga tridactyla); 
and, in Africa, the aardvark (Orycteropus afer) (see � gure 10.47).

FIGURE 10.47 Different 
mammalian species in different 
continents feed on small colonial 
insects, such as termites or ants. 
(a) The Australian echidna is a 
marsupial mammal, while (b) the 
aardvark from Africa, (c) the 
pangolin from South-East Asia, 
and (d) the giant anteater from 
South America are placental 
mammals.

(c) (d)

(a) (b)

KEY IDEAS

 ■ Evidence of biological change over time comes from the fossil record.
 ■ The law of fossil succession states that fossils of plants and animals 
change over time and the order in which they appear remains the same.

 ■ Evidence of biological change also comes from structural morphology, 
biogeographical distributions and developmental biology.

QUICK CHECK

11 Identify the following statements as true or false:
a Bones of a whale � ipper and those of a bat’s wing are homologous.
b Vestigial organs are typically reduced and non-functional structures.
c All vertebrates, either as embryos or after birth, will display a tail.
d The order of appearance of different kinds of organisms in the fossil 

record is random.
e Species endemic to a region will be more similar to species that lived in 

that region in the past than to species that occupy the same niches in a 
geographically separated region.

12 Identify an example of:
a a transitional fossil
b a mammal that occupies the ant/termite-eating niche
c a vestigial organ.

‘Dasyurid’ refers to members of 
family Dasyuridae, which includes 
carnivorous marsupials such as 
quolls, dunnarts and phascogales.
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Patterns of biological change
Over geological time, patterns of biological change have occurred; these 
include
•	 divergent evolution
•	 convergent evolution
•	 mass extinctions.

In this section, we will explore each of these patterns.

Divergent evolution
Divergent evolution occurs when closely related species become more dis-
similar over time, usually in response to di� erent environmental conditions 
and di� erent selection pressures. When divergent evolution occurs, structural 
similarities that are observed are true homologies.

Two species of hare found in North America are the snowshoe hare 
(Lepus americanus) and the black-tailed jack rabbit (Lepus californicus) 
(see � gure 10.48). � e snowshoe hare lives in the northern parts of North 
America that are snow-covered in winter. � e black-tailed jack rabbit (it’s 
really a hare) lives in desert areas. � ese two species are closely related and 
are descended from a common ancestor. Over time, in di� erent habitats, they 
have diverged and eventually have become di� erent species. � e white-coated 
smaller-eared snowshoe hare is at a selective advantage in the cold north, 
while the large-eared jack rabbit has features that equip it for life in desert 
areas, such as its long ears that assist in losing body heat.

FIGURE 10.48 Two related species in the genus Lepus are (a) the snowshoe hare, and (b) the black-tailed jack rabbit. 
Their structural differences are an example of divergent evolution of related species. How might these differences have 
originated?

(b)(a)

In Australia, rosellas provide an example of divergent evolution (see 
� gure 10.49). All of these rosella species share a common ancestor. � e orig-
inal populations in di� erent regions over time have diverged in terms of their 
colouring so that they eventually became di� erent species.

Adaptive radiation is a special case of divergent evolution (see � gure 10.50). 
Adaptive radiation is the evolution of varieties of a species, each adapted for 
life in a di� erent niche and each evolved over time from a single ancestral 
species, such as the more than 100 Australian marsupials.

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

FIGURE 10.48 

UNCORRECTED 

FIGURE 10.48 Two related species in the genus 

UNCORRECTED 

Two related species in the genus 
Their structural differences are an example of divergent evolution of related species. How might these differences have UNCORRECTED 

Their structural differences are an example of divergent evolution of related species. How might these differences have 
originated?UNCORRECTED 

originated?UNCORRECTED 

UNCORRECTED P
AGE are descended from a common ancestor. Over time, in di� erent habitats, they 

PAGE are descended from a common ancestor. Over time, in di� erent habitats, they 
have diverged and eventually have become di� erent species. � e white-coated 

PAGE have diverged and eventually have become di� erent species. � e white-coated 
smaller-eared snowshoe hare is at a selective advantage in the cold north, 

PAGE 
smaller-eared snowshoe hare is at a selective advantage in the cold north, 
while the large-eared jack rabbit has features that equip it for life in desert 

PAGE 
while the large-eared jack rabbit has features that equip it for life in desert 
areas, such as its long ears that assist in losing body heat.

PAGE 
areas, such as its long ears that assist in losing body heat.

PAGE 

(b)PAGE 

(b)

PROOFS occurs when closely related species become more dis-

PROOFS occurs when closely related species become more dis-
similar over time, usually in response to di� erent environmental conditions 

PROOFSsimilar over time, usually in response to di� erent environmental conditions 
and di� erent selection pressures. When divergent evolution occurs, structural 

PROOFS
and di� erent selection pressures. When divergent evolution occurs, structural 

Two species of hare found in North America are the snowshoe hare 

PROOFS
Two species of hare found in North America are the snowshoe hare 

) and the black-tailed jack rabbit (

PROOFS
) and the black-tailed jack rabbit (Lepus californicus

PROOFS
Lepus californicus

(see � gure 10.48). � e snowshoe hare lives in the northern parts of North 

PROOFS
(see � gure 10.48). � e snowshoe hare lives in the northern parts of North 
America that are snow-covered in winter. � e black-tailed jack rabbit (it’s 

PROOFS

America that are snow-covered in winter. � e black-tailed jack rabbit (it’s 
really a hare) lives in desert areas. � ese two species are closely related and PROOFS

really a hare) lives in desert areas. � ese two species are closely related and 
are descended from a common ancestor. Over time, in di� erent habitats, they PROOFS

are descended from a common ancestor. Over time, in di� erent habitats, they 
have diverged and eventually have become di� erent species. � e white-coated PROOFS

have diverged and eventually have become di� erent species. � e white-coated 



NATURE OF BIOLOGY 2488

c10ChangesInBiodiversityOverTime 488 25 October 2016 10:03 AM

FIGURE 10.49 Divergent evolution has produced several rosella species from an ancestral parrot. The map shows the 
distribution of the various rosella species (Platycercus spp.). In most cases, the distributions of the various species do 
not overlap. Where the species do overlap in their distribution, they do not interbreed.
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P. venustus
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P. eximius

Western rosella
P. icterotis

Crimson rosella
P. elegans

Pale-headed
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P. caledonicus

Species A

Species B

Species C

Species D

Species E

Species F

Species G

Ancestral
species

PAST PRESENT
Time

FIGURE 10.50 Over geological 
time, one ancestral species can 
undergo evolution and give rise 
to several species. This is an 
example of divergent evolution.
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Adaptive radiation commonly occurs when an ancestral species moves into 
an isolated region where a variety of habitats exists but where no competing 
species are present. Spectacular examples of adaptive radiation can be seen on 
oceanic islands or on island continents.

Ground � nches of the Galapagos Islands
� e various � nch species of the Galapagos Islands (also known as Darwin’s 
� nches) evolved from one ancestral species that spread to the various islands 
in that group. Natural selection acting on populations of this ancestral species 
over long periods of time produced many new species, each di� ering in terms 
of what it ate and how it obtained its food (see � gure 10.51).

FIGURE 10.51 One key difference between the Galapagos � nches is in the 
shapes of their bills, which relate to their diets. The structure of a bill can equip 
the bird to crush or probe or grasp. Various � nch species feed in different zones, 
so there are ground-feeding � nches and tree � nches. (Diagram adapted from 
Osbourne, R. and Benton, M., Viking Atlas of Evolution, Viking/Penguin Group, 
London, 1996, p. 19.)
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Marsupials of the island continent
From an original ancestral species, a large number of marsupial species have 
evolved, each showing features that equip it to live in a variety of environ-
mental conditions and to occupy di� erent niches (see � gure 10.52).

� e role of master genes in 
producing beaks of di� erent 
lengths and widths in the ground 
� nches is discussed in chapter 11, 
page 534.
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� e ancestors of kangaroos and wallabies were probably small tree-dwelling 
marsupials that ate fruits and leaves of various plants in the tropical rainforests. As 
these tropical rainforests shrank when the continent began to be more arid, various 
populations of these ancestral species moved from the forests into new habitats 
with new food sources. Over millions of years, natural selection acted on the dif-
ferent populations living in these new habitats and, over very many generations, a 
range of di� erent species evolved. � ese new species had features that equipped 
them for life as grazers on grasslands and in open woodland, and as browsers in 
forests. � e outcome is an example of adaptive radiation (divergent evolution) as 
seen today in the 35 living members of the family Macropodidae (see � gure 10.53).

Evolutionary changes that occurred over millions of years produced features 
that enabled:
•	 hopping movement at signi� cant speed, due to powerful hind limbs with 

long legs, hind feet and a fourth toe
•	 survival on abrasive and poor quality grasses, because of:

 – strong molar teeth with ridges
 – serial replacement of worn molar teeth
 – � attened pair of incisors on the lower jaw, the tips of these incisors � tting 

within the upper teeth
 – a large di� erentiated stomach in which microbial digestion of plant mat-

erial occurs.

FIGURE 10.53 (a) The tammar wallaby (Macropus eugenii) hides by day in dense shrubs in arid woodlands and feeds by 
night on native grasses. (b) The yellow-footed rock wallaby (Petrogale xanthopus) lives in rocky outcrops in arid scrublands; 
it sleeps by day between boulders and feeds by night on grasses. (c) The eastern grey kangaroo (Macropus giganteus) lives 
in forests, woodlands and shrublands, sleeping by day in a shady spot and feeding on grasses by night.

(b)(a)

(c)

Unit 4 Divergent 
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Summary screen 
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Do more
Divergent evolution 
of vertebrates
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Concept 8
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(e)

FIGURE 10.52 Some of the marsupial diversity that is unique to Australia. (a) The Tasmanian devil (Sarcophilus 
harrisii) is a nocturnal carnivorous marsupial. It feeds both as a scavenger (eater of dead animals) and a predator of 
small marsupials. (b) The koala (Phascolarctus cinereus) feeds by day exclusively on leaves of a few eucalypt species. 
(c) The kultarr (Antechinomys laniger) is a nocturnal hunter that feeds mainly on insects. (d) The feather-tailed glider 
(Acrobates pygmaeus) is an omnivore that feeds on small insects, nectar, pollen and sap; it is active by night and can 
glide for distances in excess of 15  metres. (e) The marsupial mole (Notoryctes typhlops) lives underground in sandy 
areas, is blind and has no external ears. Here, this marsupial mole is eating a gecko.
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Tree kangaroos (see � gure 10.54) later reversed some of 
these changes when they evolved from ground-dwelling 
kangaroo species. � e ground-dwelling species returned 
to the forests and became climbers that ate leaves of the 
rainforest trees. In the evolution of the tree kangaroos, 
their hind limbs became shortened and their hind feet 
became short and broad. � eir sharper, more curved claws 
and textured soles of their hind feet enabled them to grasp 
and climb tree trunks.

Snakes of the island continent
Adaptive radiation also occurred in other animal groups 
as the Australian island continent dried out. One striking 
example is seen in the elapid snakes (members of the family 
Elapidae), which are characterised by � xed front hollow 
fangs through which they inject their venom. Australia is 
home to 75 species of elapid snakes. � e ancestral species 
of these modern elapid snakes reached Australia from Asia 
about � ve million years ago. Populations of these snakes 
moved into di� erent habitats and evolved to produce the 
present diversity.

Today, elapid snakes are found in various habitats — 
tropical rainforests, cold mountain areas, swamps and 
deserts. � eir ways of catching prey include pursuit over 
ground (as in the taipans), hunting in trees (as in Stephen’s 
banded snake), ambushing with a lure (as in the death 
adders, see � gure 10.55) or burrowing below ground (as in 
the burrowing snakes).

FIGURE 10.55 The desert 
death adder ambushes its 
prey by using its thin tail tip as 
a lure to attract the prey. Note 
the positioning of the snake’s 
thin tail above its head.

Convergent evolution
Over geological time, natural selection may act on distantly related species to 
produce super� cial similarities that are not due to a shared ancestry but re� ect 
the fact that the species are adapted to a similar way of life, are exposed to 
similar selection pressures and typically occupy the same niche in their eco-
logical communities. � is situation is known as convergent evolution or 
adaptive convergence.

FIGURE 10.54 Goodfellow’s 
tree kangaroo (Dendrolagus 
goodfellowi). As their name 
implies, tree kangaroos are 
arboreal and feed on leaves.
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Similarities arising as a result of convergent evolution are common adap-
tations to similar selection pressures in a given habitat and have not been 
inherited from a common ancestor. Features that are similar in structure 
and function but that have arisen independently are said to be convergent 
(see � gure 10.56).

FIGURE 10.56 Convergent 
evolution, or adaptive 
convergence.

Unrelated Similar environments

Time

Species N
(which looks like species M)

Species M
(which looks like species N)

Species B

Species A

Convergent evolution in action! Fish species in the Arctic and unrelated 
� sh species in the Antarctic have independently evolved to life in frigid waters 
by producing di� erent glycoproteins that act similarly as antifreeze agents. 
Di� erent genes are involved in each group of � sh.

In the plant kingdom, a spectacular example of convergent evolution is 
seen in some cactus species that are native to arid regions of the Americas 
and some euphorbia species that are native to arid regions of southern Africa 
(see � gure 10.57). � ese plant groups are unrelated but they have independently 
evolved similar structures that equip them to survive in arid conditions. � ese 
similar features include succulent swollen stems (to store water), a lea� ess 
habit (to minimise water loss) and spines (to deter herbivores).

(a)

FIGURE 10.57 Similar succulent stems and spines evolved 
independently in species of cacti and species of euphorbia. 
(a) Cacti belong to the family Cactaceae and are native 
to the Americas. These cacti (Pachycerus pringelei) are in 
a Californian desert. (b) Euphorbia belong to the family 
Euphorbiaceae and are native to southern Africa. This 
example is in the Namibian desert. Why is this an example of 
convergent evolution?
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Mass extinctions
� e fossil record provides evidence of changes in biodiversity over time, such 
as the appearance of new species that have evolved from ancestral species. In 
addition, the fossil record provides information about the loss or extinction 
of particular kinds of organisms from Earth’s biodiversity. Extinctions may be 
global or local.

Global extinction occurs when all members of a particular taxonomic group 
are lost. For example, the death of the last marsupial lion (� ylacoleo carnifex) 
in the late Pleistocene epoch marked the complete loss of all members of the 
family � ylacoleonidae from this planet. Similarly, the death in 1936 of the 
last Tasmanian tiger (� ylacinus cynocephalus) marked the loss of the genus 
� ylacinus and the family � ylacinidae from this planet. Some extinctions are 
the complete loss of species, although other members of its genus still exist. So, 
the giant kangaroo, Macropus titan, became extinct, but other members of the 
genus are still living, such as the eastern grey kangaroo, Macropus giganteus, 
and the red kangaroo, Macropus rufus.

Local extinctions occur when members of a particular taxonomic group are 
lost entirely from a region, but are still in existence elsewhere. Many people 
are using their expertise to prevent local extinctions. You can read about the 
work of a zookeeper who is working to ensure that some of our Australian bird 
species do not become extinct (see page 495).

During Earth’s geologic history, species became extinct and new species 
appeared. However, the fossil record identi� es some periods of the Earth’s 
geologic history during which extinctions occurred globally and on a massive 
scale. � ese are the so-called mass extinctions. A mass extinction is a period 
in the geologic history of the Earth during which an abnormally high 
number of species die out over a relatively short time frame. Five such 
periods of mass extinction have been identi� ed from the fossil record as shown 
in � gure 10.58.
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FIGURE 10.58 Diagram showing the � ve major mass extinctions since the 
� rst appearance of animals and plants. These � ve extinctions are: 1. The late 
Ordovician mass extinction, 2. The Devonian mass extinction, 3. The Permian 
mass extinction, 4. The Triassic-Jurassic mass extinction, and 5. The Cretaceous-
Tertiary mass extinction.

Unit 4 Convergent 
evolution
Summary screen 
and practice 
questions

AOS 1

Topic 2

Concept 9

� e taxonomic rankings in order of 
decreasing inclusion are phylum 
(or division), then class, then order, 
then family, then genus, then 
species. Classi� cation is discussed 
in Nature of Biology Book 1 Fifth 
Edition page 311.
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�e �ve periods of mass extinction are as follows:
•	 �e late Ordovician mass extinction: occurred about 445  Mya and wiped out 

an estimated half of all marine species, reducing the numbers of trilobites, grap-
tolites, and brachiopods; there were no terrestrial animal species at that time.

•	 �e late Devonian mass extinction: occurred about 370  Mya, and an esti-
mated three quarters of all species were eliminated.

•	 �e Permian mass extinction: occurred about 250  Mya and was the greatest 
mass extinction in Earth’s history, entailing the loss of an estimated 95  per 
cent of all marine species and about 70  per cent of terrestrial species. 
Species lost included all the trilobites, which had been the dominant marine 
invertebrates, some marine reptiles, some amphibians, many reef-building 
creatures, and many cephalopods.

•	 �e Triassic-Jurassic mass extinction: occurred about 200  Mya.
•	 �e Cretaceous-Tertiary mass extinction: also known as the K/T extinction  

and the Cretaceous-Paleogene (K-Pg) extinction, which occurred about 
65 Mya. �is extinction caused the loss of half of Earth’s species and elim-
inated some animals groups completely, including dinosaurs, plesiosaurs 
and mososaurs (marine reptiles), pterosaurs (�ying reptiles) and ammo-
nites; other plants and animals groups, such as mammals, birds and insects, 
lost many, but not all of their species.
Each of these mass extinctions wiped out an enormous number of species, 

genera and families on Earth, greatly reducing Earth’s biodiversity. However, these 
extinctions also created great evolutionary opportunities. Why? After the e�ects of 
the events that caused these extinctions had ceased, the surviving species were 
able to diversify and undergo adaptive radiation (see page 487). �ese survivors 
could expand into ecological niches that were left free with the loss of other species.

A classic example of diversi�cation after a mass extinction may be seen in 
the adaptive radiation of the surviving mammals after the K/T mass extinc-
tion. �e extinction of all dinosaurs, both large and small, and herbivorous 
and carnivorous, meant that many ecological niches in terrestrial habitats 
became vacant and competitor-free. From just a few small surviving species, 
the mammals underwent an intense period of adaptive radiation over the 
Cenozoic era, which produced the remarkable diversity of mammals that exists 
today on planet Earth, including the ocean-living whales, �ying bats, gliding 
and hopping marsupials, grazing horses and the swinging primates.

BIOLOGIST AT WORK

Christine Tomlin — Zookeeper, Healesville 
Sanctuary
‘Every day I �ght wildlife extinction! I am a zookeeper 
at Zoos Victoria and work with critically endangered 
birds in recovery programs at Healesville Sanctuary.

�e organisation is committed to saving 20 of 
Victoria’s most endangered species, including the 
orange-bellied parrot (Neophema chrysogaster) 
and helmeted honeyeater (Lichenostomus cassidix) 
from extinction. �e 20 species were determined 
based on their endangered status, and each species 
is unique and has a di�erent recovery program. For 
the parrots and honeyeaters, we maintain a captive 
insurance population, which produces o�spring 
that get released back into the wild. We hope these 
birds will then help to maintain or increase the wild 
population.

�e main tasks that I undertake during the 
orange-bellied parrot breeding season is monitoring 
their nest boxes for eggs, chicks hatching and par-
ental care. If parents are unable to care for their 
o�spring, chicks may need to be fostered out to 
another family. We usually choose parents that have 
chicks of a similar age so they do not compete with 
one another. Eggs may also need to be arti�cially 
incubated if a female bird abandons her nest box.

Although the breeding season is interesting, the most 
rewarding part of my job is sending selected o�spring 
back to north-west Tasmania. Here they are released 
into the wild and their progress is monitored carefully 
with the hope they will pass on their genetics to the next 
generation of wild orange-bellied parrots. Healesville 
Sanctuary is one of a number of institutions involved in 
the breeding program for orange-bellied parrots.

(continued)

Unit 4 Extinction: loss of 
species
Summary screen 
and practice 
questions

AOS 1

Topic 2

Concept 10

eLesson
Zoos Victoria case study: the eastern 
barred bandicoot
eles-2468
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I love birds so much that I studied ornithology 
at Charles Sturt University, New South Wales. One 
subject that I really enjoyed was speciation, which 
is when two populations of organisms change 
so that they become two new distinct species 
Learning about this biological process has made 
me realise how important biodiversity is and 
that every species on the planet is precious and 
deserves conserving.

Regularly, people ask me how did I get my zoo-
keeping job? Although it’s a highly competitive 
process, you can certainly improve your chances 
by completing an undergraduate course associated 
with the study of zoology or conservation science. 
I have travelled around the world working with many 
di� erent organisations and di� erent species, such 
as golden eagles (Aquila chrysaetos), merlin (Falco 
columbarius), jaguar (Panthera onca) and Baird’s 
tapir (Tapirus bairdii). A highlight for me was a � eld 
study trip on horned larks (Eremophila alpestris), 
which inhabit grassland meadows in Washington, 
USA. I held the chicks while they were getting their 

legs banded for identi� cation, certainly a memorable 
moment (see � gure 10.59).

FIGURE 10.59 Banding Horned Lark (Eremophila 
alpestris) chicks in Washington, USA. (Image courtesy 
of Christine Tomlin.)

What caused mass extinctions?
� e causes of these mass extinctions have been variously identi� ed and often 
involve the action of several factors to produce the conditions that are hostile 
to life for most species. � e late Ordovician mass extinction is believed to 
have been the result of an ice age that was accompanied by the formation of 
large ice sheets, falls in sea levels and climate change.

Other mass extinctions are associated with volcanic eruptions and the 
release of � ood basalts that covered millions of square kilometres of the 
Earth’s surface. One example of this is the Permian mass extinction. � is 
mass extinction appears to have been the result of massive volcanic erup-
tions. � ese were not small one-o�  eruptions but were eruptions on a large 
scale over long periods. In all, they produced about 3  million cubic kilometres 
of lava and other volcanic rocks, the evidence of which can be seen today in 
the Siberian Traps (see � gure 10.60). When it � owed over the surface, the lava 
of the Siberian Traps released enormous volumes of gases — carbon dioxide, 
sulfur dioxide and hydrogen sul� de — into the atmosphere. � is resulted in 
acid rain and impacted the global climate. It is estimated that, in just one year, 
the lava of the Siberian Traps released an estimated 1.46  thousand million tons 
of sulfur dioxide into the atmosphere.

� e K-T mass extinction that wiped out the dinosaurs and many other life 
forms is associated with two cataclysmic events:
1.  A major volcanic event: Ongoing eruptions produced � ood basalts known 

as the Deccan Traps over a large area of India (see � gure 10.61a). � e � ood 
basalt of the Deccan Traps covers about 500  000 square kilometres and has 
an estimated volume of 0.75 to 1.5  million cubic kilometres. In some areas, 
the basalt is three kilometres thick.

2. An impact event: � e Earth was struck by an asteroid about 10  kilometres 
wide, which left the 180-kilometre-wide Chicxulub crater on an area around 
the Yucatan Peninsula in Mexico (see � gure 10.61b). � is impact event 
caused a shockwave that was felt worldwide, and tons of dust and debris 
from the impact blocked the sunlight, causing darkness and global cooling.

� ree million cubic kilometres of 
lava? Imagine an area 3000  km 
long and 1000  km wide covered in 
a one-kilometre-thick layer of lava.

ODD FACT

Research published in 2014 
has suggested that ‘blooms’ 
of methane-producing 
bacteria may have led to 
further increases in the 
carbon dioxide levels that, in 
turn, caused acidi� cation of 
the ocean waters and even 
more global warming.

ODD FACT

The asteroid impact that 
produced the Chicxulub crater 
is estimated to have released 
more than a billion times the 
energy of the atom bombs that 
destroyed Hiroshima 
and Nagasaki.
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FIGURE 10.60 (a) Map showing the extent of the � ood basalts (lava and volcanic rocks) that form the Siberian Traps. 
(b) Photo showing part of the massive lava � ow of the Siberian Traps that occurred about 250  million years ago and 
was part of the largest set of volcanic eruptions that are recorded in Earth’s geologic history. These eruptions are 
believed to be the cause of the Permian mass extinction. This area is now a World Heritage site.
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FIGURE 10.61 (a) Map showing the extent 
of the � ood basalt of the Deccan Traps on the 
Indian sub-continent. These eruptions occurred 
about 65  million years ago. (b) A gravity map of 
the Chicxulub crater in the Gulf of Mexico off the 
Yucatan Peninsula. The present-day shoreline is 
shown as a white line. (Image (b) courtesy of A. 
Hildebrand, M. Pilkington and M. Connors.)
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KEY IDEAS

 ■ A number of different evolutionary patterns can be observed in nature.
 ■ Divergent evolution results in the emergence of new species from a 
common ancestor, with each new species having features equipping them 
for survival in different environments.

 ■ Adaptive radiation is a special case of divergent evolution that results in 
the emergence of many species adapted to different ways of life.

 ■ Convergent evolution occurs when distantly related species display 
similarities because of their similar way of life, rather than common ancestry.

 ■ Five periods of mass extinction have occurred in Earth’s geological history.

QUICK CHECK

13 Identify the following statements as true or false:
a The mass extinction that resulted in the greatest loss of species 

occurred at the end of the Permian period.
b Cacti and euphorbia provide an example of divergent radiation.
c The diversity of elapid snakes in Australia provides an example of 

adaptive radiation.
14 What is the difference between a mass extinction and a global extinction?
15 List two structural changes that occurred during the evolution of modern 

kangaroos.
16 Where would you expect to � nd the following:

a the Deccan Traps b the Chicxulub crater?
17 When did the last ammonite live?
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1 Examine � gure 10.62, which shows rock strata in two widely 
separated regions of the world.
a What conclusions, if any, can be made about the ages 

of stratum A4 and stratum B4? Explain.
b What kinds of rock (igneous or sedimentary) have 

formed these strata? Give an example of a rock of this 
type.

c Identify the youngest rock stratum in region A.

d Identify the youngest rock stratum in region B.
e What is the name of the method that you used to 

reach your answers to questions 3 and 4 above?
f Do the terms ‘oldest’ and ‘youngest’ indicate relative 

or absolute age? Explain.
g Is it reasonable to conclude that stratum A6 is the 

same age as stratum B8? Explain.
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FIGURE 10.62 Diagram showing two sets of rock strata (A and B) from widely separated regions in the world. An index 
fossil, f1, is identi� ed in both strata A4 and B4. Fossil f2 occurs in region A only and fossil f3 occurs only in region B.

2 Palaeontologists in both regions examine these rocks 
and identify the same index fossil f1 in stratum A4 and in 
stratum B4. Fossil f1 is regarded as a ‘good’ index fossil.
a List three properties that you would expect to apply to 

fossil f1.
b Is fossil f1 likely to be microbial? Explain.
c Is fossil f1 likely to a 10  000-year-old tooth from the 

La Brea tar pits? Explain.

3 Palaeontologists found a different fossil (f2) con� ned to 
stratum A3. Another fossil of a different species (f3) was 
found in stratum B3.
a (Think carefully!) What conclusions, if any, can be 

made about the ages of fossils f2 and f3?. Explain.
b Could fossil f3 also be present in other strata in region B? 

Explain.

4 The age of fossil f1 was independently identi� ed in a 
separate study as being in the age range of 380 to 
400 million years.
a To what geologic period does fossil f1 belong?
b Could this dating have been done using C-14 dating of 

organic material in the fossil?
c  Suggest, giving some detail, how this dating could in 

fact have been done?

5 Student J concluded that strata A5 and B5 must be 
from the Carboniferous period. Student K said ‘Not 
necessarily!’
a Do you agree with either student J or student K? 

Explain.
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Practice questions

AOS 1

Topic 2

Key words
absolute ages
adaptive convergence
adaptive radiation
biosignatures
cast
convergent evolution
Cretaceous-Paleogene 

(K-Pg) extinction

Deccan Traps
divergent evolution
Ediacaran period
� ood basalts
fossilisation
index fossils
K/T extinction 
law of fossil succession

macroscopic
mass extinctions
microfossils
mould
radiometric
radiometric dating
radiometric dating 

technique

relative ages
Siberian Traps
special creation of 

species
stromatolites 
transmutation of species
unconformity
vestigial organs

Questions
 1 Making connections ➜ Draw a concept map for 

‘fossils’ incorporating key words from this chapter. 
You may add any other concepts that you wish.

 2 Demonstrating knowledge ➜ Refer to the geologic 
time scale (� gure 10.13 on page 455) and answer the 
following questions:
a What is meant by the term ‘pre-Cambrian’?
b Identify the three periods of the Mesozoic era.
c List the following periods in order from the 

earliest to the latest:
 Devonian, Cretaceous, Cambrian, Palaeogene, 

Silurian.
 3 Interpreting pictorial information ➜ Refer back to 

� gure 10.36 on page 476, which shows the times 
of � rst appearance in the fossil record of many 
di� erent subgroups, and answer the following 
questions:

   Which kind of organism appeared earlier in the 
fossil record:
a trilobites or ammonites
b birds or amphibians
c cycads or ferns?

 4 Evaluating alternatives ➜ � e Hawaiian Islands 
formed at least � ve million years ago from 
volcanic mountains that rose from the ocean � oor 
(see � gure 10.63a).

   Honeycreepers are endemic to the Hawaiian 
Islands. Today, 20 di� erent species of honeycreepers 
are found on these islands. In addition, an estimated 
45 honeycreeper species became extinct, mainly as a 
result of the introduction of alien species to the islands. 
� e honeycreeper species have many structural 
similarities, but their bills di� er in the size and the 
shape (see � gure 10.63b). Some have � nch-like beaks 
and eat seeds, insects and fruit; others have long thin 
beaks and brush-tipped tongues and feed on nectar.
a Consider each of the statements below and 

comment, giving reasons, on the probability of 
each as a reasonable explanation for the diversity 
of honeycreeper species:

 i special creation of each kind of 
honeycreeper

 ii migration of many di� erent kinds of 
honeycreepers to the islands from a distant 
mainland

FIGURE 10.63 (a) Location of Hawaiian Islands. (b) Some of the honeycreeper species found on the Hawaiian Islands.

(b)
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America

Asia

Pacific Ocean

(a)

UNCORRECTED  Devonian, Cretaceous, Cambrian, Palaeogene, 

UNCORRECTED  Devonian, Cretaceous, Cambrian, Palaeogene, 

 Refer back to 

UNCORRECTED 
 Refer back to 

� gure 10.36 on page 476, which shows the times 

UNCORRECTED 
� gure 10.36 on page 476, which shows the times 
of � rst appearance in the fossil record of many 

UNCORRECTED 
of � rst appearance in the fossil record of many 
di� erent subgroups, and answer the following 

UNCORRECTED 
di� erent subgroups, and answer the following 

  Which kind of organism appeared earlier in the 

UNCORRECTED 

  Which kind of organism appeared earlier in the 

 trilobites or ammonites

UNCORRECTED 

 trilobites or ammonites
 birds or amphibians

UNCORRECTED 

 birds or amphibians
 cycads or ferns?

UNCORRECTED 

 cycads or ferns?

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

Asia UNCORRECTED 

AsiaAsia UNCORRECTED 

AsiaAsia UNCORRECTED 

Asia

PAGE volcanic mountains that rose from the ocean � oor 

PAGE volcanic mountains that rose from the ocean � oor 
(see � gure 10.63a).

PAGE (see � gure 10.63a).
  Honeycreepers are endemic to the Hawaiian 

PAGE   Honeycreepers are endemic to the Hawaiian 
Islands. Today, 20 di� erent species of honeycreepers 

PAGE 
Islands. Today, 20 di� erent species of honeycreepers 
are found on these islands. In addition, an estimated 

PAGE 
are found on these islands. In addition, an estimated 
45 honeycreeper species became extinct, mainly as a 

PAGE 
45 honeycreeper species became extinct, mainly as a 
result of the introduction of alien species to the islands. PAGE 
result of the introduction of alien species to the islands. 
� e honeycreeper species have many structural PAGE 
� e honeycreeper species have many structural 
similarities, but their bills di� er in the size and the PAGE 

similarities, but their bills di� er in the size and the 

PROOFS
special creation of 

PROOFS
special creation of 

stromatolites 

PROOFSstromatolites 
transmutation of species

PROOFStransmutation of species
unconformity

PROOFS
unconformity
vestigial organs

PROOFS
vestigial organs

Evaluating alternatives

PROOFS
Evaluating alternatives ➜

PROOFS
➜ � e Hawaiian Islands 

PROOFS
 � e Hawaiian Islands 

formed at least � ve million years ago from PROOFS

formed at least � ve million years ago from 
volcanic mountains that rose from the ocean � oor PROOFS

volcanic mountains that rose from the ocean � oor 



501CHAPTER 10 Changes in biodiversity over time

c10ChangesInBiodiversityOverTime 501 25 October 2016 10:03 AM

iii evolution of many species of honeycreeper 
from a few ancestral birds that reached the 
islands a long time ago.

b What name is given to the pattern of evolution 
outlined in (iii) above?

c A scienti�c hypothesis is one that allows 
predictions to be made and one that can 
either be supported or disproved by evidence. 
Which of the hypotheses above is/are scienti�c 
hypotheses?

5 Evaluating information ➜ �eophrastos of Eresos 
(368–284 BC) wrote about fossil �sh that were found 
in rocks in hills at a great distance from the sea. He 
called these fossils ‘dug-up �shes’ and he explained 
their occurrence as being the result of �sh eggs 
being washed by �ood waters to high land where 
the eggs hatched in moist soil. Brie�y outline an 
alternative explanation for these ‘dug-up �shes’ that 
would be given by scientists today.

6 Analysing information and drawing conclusions ➜  
A group of students was discussing whether they 
could �nd the age of an isolated sample of igneous 
rock that they were given. Student P stated that she 
would use the principle of superposition. Student Q 
argued that searching for index fossils in this rock 
sample would be helpful. Student S proposed that 
carbon-14 dating would be useful.

Give your assessment, with reasons, of the validity 
of each student’s proposal.

7 Applying knowledge and understanding ➜ From 
the various radiometric techniques for dating 
objects, name the one that corresponds to each of 
the following:
a can be used with a single mineral crystal from a 

rock
b produces argon-40 as a daughter product
c might be useful for the most ancient rocks on 

Earth
d can be used only for dating rocks with uranium-

based minerals
e can be used for dating rocks that contain the 

mineral feldspar
f could be used for dating a wooden spear thrower
g might be useful to date blood on an ancient stone 

axe head.
8 Analysing information ➜ Refer to the account 

of the 1860 Oxford debate on Darwin’s theory of 
evolution by natural selection (�e Oxford debate of 
1860) and answer the following questions:
a When was Darwin’s �e Origin of Species �rst 

published?
b Was Charles Darwin present at this Oxford 

debate?
c Suggest why the numbers attending the Oxford 

debate were high.

d Did Huxley reject absolutely the inference made 
by Wilberforce that he was descended from an 
ape?

e What was the signi�cant point in Huxley’s 
response to Wilberforce’s question?

f What two points made by Hooker counted most 
against Wilberforce?

g What do you think is the meaning of Hooker’s 
reference to ‘his own conversion’?

h What were the ‘old and new hypotheses’ 
referred to by Hooker?

 9 Developing logical explanations ➜ Suggest 
a reasonable explanation for the following 
observations:
a Igneous rocks that form from the solidi�cation 

of molten magma or lava can be dated using 
radiometric techniques.

b Sedimentary rocks cannot be dated using 
radiometric techniques.

c Di�erent people may interpret the same fossil in 
di�erent ways.

d �e end of some geologic periods are marked by 
the signi�cant loss of many species.

e �e fossil record shows no evidence of mass 
extinctions before about 443  million years ago.

f Australia has more than 70 species of elapid 
snakes.

g Sharks, porpoises and ichthyosaurs all have a 
similar streamlined body shape.

h Following a mass extinction, surviving  
species may undergo a period of adaptive 
radiation.

10 Discussing and sharing ideas ➜ Consider the 
following quotations taken from writings of 
Charles Darwin and identify what they appear to 
signal regarding Darwin’s thinking about the origin 
of species (phrases in brackets have been added 
for clarity):
a ‘It seems not a very improbable conjecture 

that the want of animals may be owing to 
none having been created since this country 
was raised from the sea.’ (From manuscript of 
Journal of Researches, 1834.)

b ‘�is wonderful relationship in the same 
continent between the dead [extinct species] 
and the living, will, I do not doubt, hereafter 
throw more light on the appearance of 
organic beings on our Earth.’ (From Journal of 
Researches, 1837.)

c ‘�e general conclusion at which I have slowly 
been driven from a directly opposite conviction, 
is that species are mutable, and that allied 
species are co-descendants from common 
stock.’ (From Darwin’s letter to L. Jenyns, 
October 1845.)
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