Chapter 10

Origin of the metazoans

Key points

Relatively few basic body plans have appeared in the fossil record; most animals have
a triploblastic architecture, with three fundamental body layers.

Molecular data show there are three main groupings of animals: the deuterostomes
(echinoderm-hemichordate-chordate  group), the spiralians (mollusk—annelid-
brachiopod-bryozoans—-most flatworms-rotifers (platyzoans) group) and the ecdysozo-
ans (arthropod-nematode—priapulid plus other taxa group). Together, the spiralians and
ecdysozoans are usually called the protostomes.

Five lines of evidence (body fossils, trace fossils, fossil embryos, the molecular clock and
biomarkers) suggest that the metazoans had originated prior to the Ediacaran,
600 Ma.

Snowball Earth by coincidence or design was a pivotal event in metazoan history; bila-
terians evolved after the Marinoan glaciation.

The first metazoans were probably similar to the demosponges, occurring first before
the Ediacaran.

The Ediacaran biota was a soft-bodied assemblage of organisms largely of uncertain
affinities, reaching its acme during the Late Proterozoic, which may represent the earliest
ecosystem dominated by large, multicellular organisms.

The Tommotian or small shelly fauna was the first skeletalized assemblage of metazoans;
this association of Early Cambrian microfossils contains a variety of phyla with shells
or sclerites mainly composed of phosphatic material.

The Cambrian explosion generated a range of new body plans during a relatively short
time interval.

The Ordovician radiation was marked by accelerations in diversification at the family,
genus and species levels together with increased complexity in marine communities.

Consequently, if my theory be true, it is indisputable that before the lowest Silurian
[Cambrian of modern usage| stratum was deposited, long periods elapsed, as long as,
or probably far longer than, the whole interval from the Silurian age to the present
day; and that during these vast, yet quite unknown, periods of time, the world
swarmed with living creatures.

Charles Darwin (1859) On the Origin of Species
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ORIGINS AND CLASSIFICATION

When did the first complex animals, the meta-
zoans, appear on Earth and what did they
look like? How could complex, multicelled
animals evolve from the undifferentiated
single-celled organisms of most of the Pre-
cambrian? Why did they take almost 4
billion years to appear? These questions have
puzzled scientists, including Charles Darwin,
for over two centuries. In the last few decades
a range of multidisciplinary techniques, from
molecular biology to X-ray tomography, has
helped generate new testable hypotheses
regarding the origins of our early ancestors.
Apart from the fossil evidence of metazoan
body and trace fossils, the investigation of
minute fossil embryos, carefully calibrated
molecular clocks and more recently biomark-
ers have placed the investigation of Precam-
brian life at the top of many scientific
agendas.

The first metazoans: when and what?

Life on our planet has been evolving for nearly
4 billion years. Molecular data suggest meta-
zoans have probably been around for at least
600 myr (Fig. 10.1), during which time,
according to some biologists, as many as 35
separate phyla have evolved. Five lines of evi-
dence have figured prominently in the search
for the earliest metazoans: body fossils, trace
fossils, fossil embryos, the molecular clock
and biomarkers.

Much controversy still surrounds the timing
of their origin. Was there a long cryptic inter-
val of metazoan evolution prior to the Edia-
caran — a time when we do not find fossils
preserved, either because the animals lacked
preservable bodies, or they were small, or
perhaps a combination of both? Or, as the
recalibrated molecular clocks suggest, can
animal origins be tracked back only to the
Ediacaran, when there was also a sudden rise
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Figure 10.1 Time scale and tempo of early animal evolution: the key metazoan groups are shown with
the putative age of their last common ancestor, together with an estimate of the respective numbers of

classes and orders indicated against a stratigraphy indicating key biological and chemical events. N-D,

Nemakit-Daldynian; T, Tommotian; A, Atdabanian; B/T, Botomian. (Courtesy of Kevin Peterson.)
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in oxygen levels in the deep ocean (Canfield
et al. 2007).

Body fossil evidence

Body fossils of basal metazoans in the Edia-
caran Period are few and far between. The
morphology of an early metazoan fossil must
be clearly described and convincingly illus-
trated, different organs and tissues identified,
and comparisons drawn with other extant
and fossil organisms. Many Upper Precam-
brian successions have been subjected to
intense metamorphism and tectonism (see p.
48) and are now located in some of the Earth’s
mountain belts. The chances of finding ade-
quately preserved fossils are slight. Neverthe-
less, the earliest undoubted metazoans occur
within the widespread Ediacara biota (see p.
242) dated at approximately 600-550 Ma.
Moreover the fact that a relatively advanced
metazoan, the mollusk Kimberella, possibly
equipped with a foot and radula (see p. 330),
occurs within the Ediacara biota from south-
ern Australia and Russia could suggest a
history of metazoan evolution prior to the
Ediacaran. But although a strong case can be
made for a significant Proterozoic record for
the cnidarians and sponges and perhaps some
other metazoans, the Cambrian explosion still
marks the arrival, center stage, of the bilateri-
ans (Budd 2008).

Trace fossil evidence

Trace fossils are the behavior of organisms
recorded in the sediment (see p. 510). By their
very nature they occur in place and thus
cannot be transported or reworked by cur-
rents. Nevertheless these too must be convinc-
ingly demonstrated as biogenic and the age of
their enclosing sediments accurately deter-
mined. If and when metazoans developed
locomotory organs, such as the molluskan
foot, and digestive systems, we might expect
to find burrows and trails together with fecal
pellets. Records of trace fossils from rocks
older than 1 Ga in India (Seilacher et al. 1998)
and over 1.2 Ga in the Stirling biota of Aus-
tralia (Rasmussen et al. 2002) generated
considerable excitement (Fig. 10.2). Both
suggested metazoan life older than 1 Ga but
both are now considered questionable (Jensen
2003). The oldest undoubted locomotory

Figure 10.2 Putative trace fossils from the
Precambrian of Australia, showing
Myxomitodes, a presumed trail of a mucus-
producing multicellular organism about 1.8-2
billion years old from Stirling Range, Western
Australia. (Photo is approximately 65 mm wide.)
(Courtesy of Stefan Bengtson.)

trace fossils are from about 550 Ma (Droser
et al. 2002) from northwest Russia, whereas
fecal strings have been reported from rocks
some 600 Ma (Brasier & Mcllroy 1998) sug-
gesting the existence of an ancient digestive
system. In fact no convincing trace fossils are
known from successions older than the Mari-
noan glaciation (635 Ma), the second main
icehouse event associated with snowball Earth
(see p. 112).

Embryo fossil evidence

Fossil Neoproterozoic embryos are now
known from a number of localities, although
claims that they represent sulfur-oxidizing
bacteria or that they are not embryos at all
have their advocates. Some of the best studied
examples are from the Doushantuo Forma-
tion, South China. The part of the formation
yielding the embryos was first dated at approx-
imately 580 Ma, predating much of the Edia-
caran but postdating the Marinoan glaciation.
Revised dates seem to suggest that the faunas
are younger and that they overlap with the
older Ediacaran assemblages. Cell division
and cleavage patterns are obvious although it
is difficult to assign the material to distinct
metazoan groups in the absence of juvenile
and adult forms. There are, however, a lack
of epithelia even in clusters of over 1000 cells
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suggesting that the embryos examined are
those, at best, of stem-group metazoans
(Hagadorn et al. 2006); they could equally
well be fungi or rangeomorphs (enigmatic
frond-like fossils). Nonetheless the Doushan-
tuo embryos, although unplaced taxonomi-
cally, provide our earliest body fossil evidence
for probable metazoan life, albeit very basal,
and a fascinating insight into embryologic
processes in deep time (Donoghue 2007)
(Box 10.1).

Molecular evidence

Not only have the morphologies of organisms
evolved with time, but so too have their mol-
ecules. This forms the basis of the concept of
the molecular clock (see p. 133). The molecu-
lar clock has opened up tremendous possibili-
ties to date, independently of direct fossil
evidence, the times of divergence of say the
mammals from the reptiles or the brachio-
pods from the mollusks. Nevertheless,
attempts to date the divergences of the various
groups of metazoans have proved controver-

sial. For example, the last common ancestor
of the bilaterians, the metazoan clade exclud-
ing the sponges and cnidarians, has been vari-
ously placed at anywhere between 900 and
570 Ma. Why is there such a spread of ages
in a seemingly exact science? The rates of
molecular evolution in various groups are
unfortunately not constant. The vertebrates
appear to have reduced their rates of molecu-
lar change through time. So, using the slow
vertebrate rates of molecular evolution to
calibrate the date of origin of Bilateria gives
dates that are too ancient (900 Ma). On the
other hand, using mean bilaterian rates of
molecular evolution gives a date (570 Ma)
that is more in keeping with evidence from
the fossil record (e.g. Budd & Jensen 2000)
and thus makes the Cambrian explosion much
more of an explosion of animals rather than
fossils (Peterson et al. 2004). Nevertheless the
most recent molecular clock data (Peterson
et al. 2008) suggest a major phase of meta-
zoan radiation within the Ediacaran, prior to
that in the Cambrian. This radiation probably
set the agenda for metazoan macroevolution
for the rest of geological time.

Box 10.1 Synchrotron-radiation X-ray tomographic microscopy

Fossil embryos from the Upper Neoproterozoic and Cambrian are providing some important clues
about the origin and early evolution of the metazoans. They are, however, tiny and notoriously hard
to study. Nevertheless Phil Donoghue and his colleagues (2006) are beginning to accumulate a large
amount of new information on the composition, structure and cell division within these minute
organisms together with their modes of preservation. Synchrotron-radiation X-ray tomographic
microscopy (SRXTM) has provided a whole new way of scanning embryos without actually destroy-
ing them (Fig. 10.3). The embryos, most of them 1 mm across or smaller, are held steady in a high-
energy beam of photons, and multiple “slices” are produced, spaced a few microns apart. Using
imaging software, these slices can be combined to create a detailed three-dimensional model of the
internal structure of the fossil. Embryos assigned to the bilaterian worm, Markuelia, together with
Pseudooides, variously show the process of cell cleavage and development of possible blastomeres,
clusters of cells produced by cell division after fertilization, rather than yolk pyramids, which are
more typical of the arthropods. This high-tech methodology has already demonstrated a real prospect
for identifying the animals themselves and charting their early stages of development, some 600 Ma.
It also can reject the claims that such fossils were the planula larvae of cnidarians, minute bilaterians
or the early stages of gastrulation (see p. 240) of hydrozoans or bilaterians. It has, however, been
recently suggested that many of these embryonic structures were created by bacteria (see p. 190).

But not all.

Read more about this topic at http://www.blackwellpublishing.com/paleobiology/.

Continued
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Figure 10.3 Animal embryos from the Doushantou Formation, China. (a) Surface of embryo
based on tomographic scans together with (b) an orthoslice revealing subcellular structures
analogous to modern lipids and (c) an orthoslice at the boundary between two cells. (c, f) Two-
cell embryo of the sea urchin Heliocidaris showing lipid vesicles for comparison. (e) Orthoslice
rendering of a possible embryo revealing internal structures. (g-i) Models of tetrahedrally
arranged cells. Relative scale bar (see top left): 170 um (a—d, f), 270 um (e), 150 um (g—i).

(Courtesy of Philip Donoghue.)

Biomarker evidence

Biomarkers, essentially the biochemical fin-
gerprints of life, have become increasingly
important in astrobiology, where they have
been sought in the quest for extraterrestrial
life. But they are also of considerable impor-
tance in the investigation of Precambrian life
(see p. 188), where other lines of evidence are
lacking. Thus amino acids, hopanes, some
types of hydrocarbons, evidence of isotopic
fractionation in carbon ('*C) and biofilms are

strong indicators of life forms. More exciting
is the fact that specific biomarkers may be
related to particular groups of organisms. Sig-
nificantly, biomarkers associated with meta-
zoan demosponges (see p. 262) have now
been reported from rocks older than the Edia-
caran, confirming the presence of basal meta-
zoans at this time. But since the sponges are
paraphyletic, biomarkers from the homoscle-
romorph sponges (see p. 262) would also
have to be present to prove the presence of
the eumetazoans.
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Figure 10.4 Appearance of the main animal phyla and some other high-level taxonomic groups.
Geological period abbreviations are standard, ranging from Cambrian (C) to Cretaceous (K). (Based on

Valentine 2004.)

Invertebrate body and skeletal plans

Life on our planet has been evolving for nearly
4 billion years. Molecular data suggest meta-
zoans have probably been around for at least
at 550 myr, during which time, according to
some biologists, as many as 35 separate phyla
have evolved. In recent years, new molecular
phylogenies have completely changed our
views of animal relationships and thus the
importance of invertebrate body and skeletal
plans. They are important from a functional
point of view, but are potentially highly mis-
leading if simply read as telling an evolution-
ary story. Despite the infinite theoretical
possibilities for invertebrate body plans, rela-
tively few basic types have actually become
established and many had evolved by the
Cambrian (Fig. 10.4). These body plans are
usually defined by the number and type of
enveloping walls of tissue together with the
presence or absence of a celom (Fig. 10.5).
The basic unicellular grade is typical of protist
organisms and is ancestral to the entire animal

kingdom. The first metazoans were multicel-
lular with one main cell type and peripheral
collar cells or choanocytes, equipped with a
whip or flagellum (Nielsen 2008). There are
three main body plans (Table 10.1).

The parazoan body plan, seen in sponges, is
characterized by groups of cells usually orga-
nized in two layers separated by jelly-like mate-
rial, punctuated by so-called wandering cells or
amoebocytes; the cell aggregates are not differ-
entiated into tissue types or organs. In fact
molecular phylogenetic studies have suggested
that sponges are paraphyletic (see p. 262) so
this is only a grade of organization.

The diploblastic grade or body plan, typical
of cnidarians and the ctenophorans, has two
layers — an outer ectoderm and an inner endo-
derm and epithelia. These two layers are sepa-
rated by the acellular, gelatinous mesogloea.

The triploblastic body plan, seen in most
other animals, has three layers of tissues from
the outside in: the ectoderm, mesoderm and
endoderm. Superimposed on this body plan is
the bilateral symmetry that defines the bilate-
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Figure 10.5 Main invertebrate body plans and larvae: upper and lateral views of spiral (a) and radial
(b) patterns of cell cleavage; development of the mesoderm in the spiralians (¢) and radialians (d);
diploblastic (g) and triploblastic (h) body plans and trochophore-type (e) and dipleurula-type (f) larvae.

Table 10.1 Key characteristics of the three main groups of animals.

Group Grade Symmetry Key character Larvae

Porifera Parazoan Bilateral and radial symmetry Collar cells Blastula larva
Cnidaria Diploblastic Radial symmetry Cnidoblasts Planula larva
Bilateria Triploblastic Bilateral symmetry Digestive tract Various types

rians. And finally the development of the
celom or body cavity characterizes most of
the animal groups found as fossils. The celom
usually functions as a hydrostatic skeleton
and is related to locomotion. But the presence
and organization of the celom is not phyloge-
netically significant; the celom has evolved
several times and in some groups, such as the
flatworms, there are at least two types of
celomic cavities.

The annelid worms and the arthropods
have a celom divided along its length into

segments; each segment possesses identical
paired organs such as kidneys and gonads
together with appendages. The mollusks, on
the other hand, have an undivided celom situ-
ated mesodermally and irregularly duplicated
organs.

The remaining bilaterians, such as the pho-
ronids, brachiopods, bryozoans, echinoderms
and hemichordates have a celom that is
divided longitudinally into two or three zones
each with different functions. Based around
this plan, animals with a specialized feeding
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and respiratory organ, the lophophore, are
characterized by sac-like bodies; but this is no
guarantee that these so-called “lophopho-
rates”, brachiopods and bryozoans, are in
fact closely related. The hemichordates possess
a crown of tentacles and some have paired gill
slits. The echinoderms have an elaborate
water vascular system that drives feeding,
locomotion and respiration.

The identification of invertebrate body
plans is a useful method of grouping organ-
isms according to their basic architecture.
However, similarities between grades of con-
struction unfortunately do not always mean
a close taxonomic relationship. Be aware that
certain body plans have evolved more than
once in different groups, Skeletons too, for
example, have evolved a number of times in
a variety of forms.

The skeleton is an integral part of the body
plan of an animal, providing support, pro-
tection and attachment for muscles. Many
animals such as the soft-bodied mollusks
(slugs) possess a hydraulic skeleton in which
the movement of fluid provides support. Rigid
skeletons based on mineralized material may
be external (exoskeleton), in the case of most
invertebrates, or internal (endoskeleton) struc-
tures, in the case of a few mollusks (e.g.
belemnites), echinoderms and vertebrates.
Growth is accommodated in a number of
ways. Most invertebrate skeletons grow by
the addition of new material, a process termed
accretion. Arthropods, however, grow by
periodic bursts between intervals of ecdysis or
molting; echinoderms grow by both accretion
to existing material and by the appearance of
new calcitic plates.

Classification and relationships

Classifications based on purely morphological
data and embryology have met with prob-
lems. Difficulties in establishing homologous
characters and homoplasy (see p. 129) have
contributed to a number of different phylog-
enies. The locator tree (Fig. 10.6), however,
outlines some of the main features of animal
evolution. From the base of the metazoan
tree, the demosponges and calcisponges are
the simplest animals whereas the cnidarians
are the most basal eumetazoans. Three robust
bilaterian groupings are recognized mainly on
molecular data: the ecdysozoans, the spira-

lians and the deuterostomes. The ecdysozoans
and the spiralians comprise the protostomes
(“first mouth”) where the mouth develops
directly from the first opening, the blastopore,
resulting from cell growth and migration. The
deuterostomes (“second mouth”), however,
have a mouth arising from a secondary
opening; the true blastopore often develops as
an anus. Not all phyla fit simply into these
two major divisions, but using a consensus
based on comparative morphology, two main
streams emerge: the echinoderm-hemichor-
date—chordate (deuterostomous) and the
mollusk-lophophorate—annelid-arthropod
(protostomous) groupings (Box 10.2).

Other studies have laid emphasis on the
similarities between the larval stages of organ-
isms to investigate phylogenetic relationships.

Most invertebrates develop first a larval
stage that may be either planktotrophic, free-
living and feeding on plankton, or lecithotro-
phic, essentially benthic and feeding on yolk
sacs. There is a range of different larval types.
For example the nauplius larva is most typical
of crustaceans, the planula characterizes the
cnidarians, the trochophore larva occurs in
the mollusks and the polychaetes whereas the
shelled veliger also characterizes the mollusks.
Thus those groups (annelids and mollusks)
with trochophores may have shared a common
ancestor. Invertebrate larvae are occasionally
identified in the fossil record. With the avail-
ability of more advanced preparatory and
high-tech investigative techniques, studies of
fossil larvae may yet become a viable part of
paleontology.

FOUR KEY FAUNAS

The three great evolutionary faunas of the
Phanerozoic, the Cambrian, Paleozoic and
Modern (see p. 538), developed during a
timeframe of some 550 myr. Nevertheless, in
the 100 myr that include the transition
between Precambrian and Phanerozoic life,
there were a number of distinctive groups of
animals that together paved the way to the
spectacular diversity we see today in marine
and terrestrial communities. The Ediacara
biota and small shelly faunas, together with
those that developed during the Cambrian
explosion and Ordovician radiation, set the
scene for life on our planet.


Max Langer
Realce


242 INTRODUCTION TO PALEOBIOLOGY AND THE FOSSIL RECORD

Box 10.2 Molecular classification

Can molecular data help? Kevin Peterson and his colleagues (2004, 2005) have presented a minimum
evolution analysis (see p. 129) based on amino acid data derived from housekeeping genes (Fig.
10.6). The cladogram separates the Deuterostomia (echinoderms + hemichordates) from the Proto-
stomia, which includes the Spiralia (mollusks + annelids + nemerteans + platyhelminthes) and the
Ecdysozoa (arthropods + priapulids). Both are united within the Triploblastica that, together with
the cnidarians, forms the Bilateria; the Eumetazoa comprise the Bilateria + Cnidaria and the meta-
zoan clade is completed with the addition of the calcisponges and demosponges. Thus the last
common ancestor of the Metazoa was probably rather like a modern sponge. The tree, however,
lacks data from a number of problematic groups such as the Bryozoa and Brachiopoda, both com-
monly united on the basis of their lophophores. Moreover to date it has proved impossible to resolve
polychotomies such as that including the mollusks, annelids and brachiopods (see also Aguinaldo
& Lake 1998).

These molecular results are being increasingly accepted by zoologists as analysis of different gene
datasets produce the same results. The hunt is now on for morphological characters of some of the
major clades discovered by molecular means. A good example is the shedding of the exoskeleton
(ecdysis) by the Ecdysozoa, a strong morphological synapomorphy that had once been thought to
have evolved convergently in arthropods, nematodes and the others.
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Figure 10.6 Phylogenetic relationships among the main invertebrate groups. (Phylogeny courtesy
of Kevin Peterson.)

Ediacara biota

Since the first impressions of soft-bodied
organisms were identified in the Upper Pro-
terozoic rocks of Namibia and in the Pound
Quartzite in the Ediacara Hills, north of Ade-

laide in southern Australia in the late 1940s,
this remarkable assemblage has now been
documented from 30 localities on five conti-
nents (Fig. 10.7). More than 100 species of
these unique organisms have been described
on the basis of molds usually preserved in
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Figure 10.7 Stratigraphic distribution of the Ediacara biota. Solid triangles, glaciations; C, calcified
metazoans; T, position of the Twitya disks. (Based on Narbonne 2005.)

shallow-water siliciclastic sediments, consist-
ing of clasts of silicic-rich rocks, or volcanic
ash, more rarely carbonates or even turbi-
dites. The sediments were deposited during
specific events, such as a storm, and are usually
termed event beds. Deep-water biotas are also
known such as those from Mistaken Point in
Newfoundland. The style of preservation
plays an important role in understanding
these organisms (Narbonne 2005). The wide-
spread development of algal mats, prior to the
Cambrian substrate revolution (see p. 330),
suggests that these too aided preservation,
sometimes providing “death masks”, of these
non-skeletal organisms.

Although morphologically diverse, the Edi-
acaran organisms have many features in
common. All were soft-bodied, with high
surface to volume ratios and marked radial or
bilateral symmetries. These thin, ribbon-
shaped animals may have operated by direct
diffusion processes where oxygen entered
through the skin surface, so gills and other
more complex internal organs were perhaps
not required. Most Ediacaran organisms have
been studied from environments within the
photic zone; many collected from deeper-
water deposits are probably washed in. Pro-
vincialism among these Upper Proterozoic
biotas was weak with many taxa having a
nearly worldwide distribution. It is possible
that the flesh of the Ediacaran organisms lit-

tered areas of the Late Precambrian seafloor;
predators and scavengers had yet to evolve in
sufficient numbers to remove it.

Morphology and classification

Traditionally the Ediacaran taxa, a collection
of disks, fronds and segmented bodies, have
been assigned to a variety of Phanerozoic
invertebrate groups on the basis of apparent
morphological similarities. In many cases
considerable speculation is necessary and
many assumptions are required to classify
these impressions. Most of the species have
been assigned to coelenterate groups, although
some taxa have been identified as, for example,
arthropods or annelids. Michael Fedonkin
(1990), however, suggested a form classifica-
tion based on the morphology and structure
of these fossils. Key areas of his classification
are summarized in Box 10.3 and typical
examples illustrated in Figure 10.8. The
bilateral forms were probably derived from
an initial radial body plan. The concept
and classification of the Ediacara biota is in a
state of flux and Fedonkin’s classification is
one of a number of attempts to rationalize the
group, assuming the majority are in fact
animals. Some have argued, nevertheless, that
the Ediacarans are organisms unrelated to
modern metazoans (Box 10.4), or are even
Fungi.
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@ Box 10.3 The Ediacaran animals: a form classification

RADIATA (RADIAL ANIMALS)

Three main classes are defined. Most colonial organisms in the fauna, for example Charnia, Char-
niodiscus and Rangea, are assigned to coelenterates and were part of the sessile benthos. The affinities
of these animals have been debated in detail, but their close similarity to the sea-pens suggests an

assignment to the pennatulaceans.

Class CYCLOZOA

e These animals have a concentric body plan with a large disk-shaped stomach and the class
includes mostly sessile forms such as Cyclomedusa and Ediacaria. About 15 species of jellyfish-
like animals have been described and in some, for example, Eoporpita tentacles are preserved

Class INORDOZOA

® Medusa-like animals with more complex internal structures, for example Hielmalora

Class TRILOBOZOA

e Characterized by a unique three-rayed pattern of symmetry. Tribrachidium and Albumares are

typical members of the group

BILATERIA (BILATERAL ANIMALS)

This division contains both smooth and segmented forms.

Smooth forms

e These morphotypes are rare. They include Viadimissa and Platypholinia, which may be turbel-

larians, a type of platyhelminthes worm

Segmented forms

e Much of the Ediacara fauna is dominated by segmented taxa inviting comparisons with the
annelids and arthropods. Dickinsonia, for example, may represent an early divergence from the
radial forms whereas Spriggina, although superficially similar to some annelids and arthropods,

possesses a unique morphology

Ecology

There is little doubt that the Ediacara biotas
dominated the latest Precambrian marine eco-
system, occupying a range of ecological niches
and pursuing varied life strategies probably
within the photic zone (Fig. 10.10). There is
no evidence to suggest that any of the Edia-
caran organisms were either infaunal or
pelagic, thus in contrast to the subsequent
Cambrian Period, life was restricted to the
seabed. It is also possible that these flattened
organisms hosted photosymbiotic algae,
maintaining an autotrophic existence in the
tranquil “garden of Ediacara” as envisaged by

Mark McMenamin (1986), although this
model has its opponents. McMenamin con-
sidered that the ecosystem was dominated by
medusoid pelagic animals, and that attached,
sessile benthos and infaunal animals were
sparse; the medusoids have been reinterpreted
as bacterial colonies or even holdfasts. Food
chains were thus probably short and the
trophic structure was apparently dominated
by suspension and deposit feeders.

Biogeography

Although provincialism was weak among the
Ediacara biotas, three clusters have been rec-
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Ediacara

Char.nia

Cyclomedusa Medusinites

(a) Radiata

Dickinsonia
Sprigginia

Praecambridium

Tribrachidium

(b) Bilateria

Figure 10.8 Some typical Ediacara fossils: (a) the Radiata, which have been associated with the
cnidarians, and (b) the Bilateria, which may be related to the annelids and arthropods. Ediacaria (x0.3),
Charnia (x0.3), Rangea (x0.3), Cyclomedusa (x0.3), Medusinites (x0.3), Dickinsonia (x0.6), Spriggina
(x1.25), Tribrachidium (x0.9) and Praecambridium (x0.6). (Redrawn from various sources by Anne

Hastrup Ross.)

ognized based on multivariate biogeographic
analysis (see p. 45) by Ben Waggoner (2003):
(i) the Avalon assemblage is from deep-water,
volcaniclastic settings in eastern Newfound-
land; (ii) the White Sea assemblage represents
the classic Vendian section in the White Sea,
Russia; and (iii) the Nama assemblage is a
shallow-water association from Namibia,
West Africa. Unfortunately the distribution of
these assemblages does not match any paleo-
geographic models for the period and the
clusters may rather represent a mixture of
environmental and temporal factors (Grazh-
dankin 2004).

Extinction of the Ediacarans

The Ediacara biota, as a whole, became extinct
about 550 Ma. Nevertheless, in terms of lon-
gevity, the ecosystem was very successful and
a few seem to have survived into the Cam-
brian. The rise of predators and scavengers
together with an increase in atmospheric
oxygen may have at last prevented the routine
preservation of soft parts and soft-bodied

organisms. More importantly, the Ediacara
body plan offered little defense against active
predation. There is abundant evidence for
Cambrian predators: damaged prey, actual
predatory organisms and the appearance of
defense structures, such as trilobite spines and
multielement skeletons. All suggest the exis-
tence of a predatory life strategy that was
probably established prior to the beginning of
the Cambrian Period. The Proterozoic—
Cambrian transition clearly marked one of
the largest faunal turnovers in the geological
record, with a significant move from soft-
bodied, possibly photoautotrophic, animals
to heterotrophs relying on a variety of nutri-
ent-gathering strategies. It is, however, still
uncertain whether a true extinction, or the
slamming shut of a taphonomic window,
accounted for the disappearance of the Edia-
cara biota from the fossil record.

Cloudina assemblages

Although the Ediacara biotas were overwhelm-
ingly dominated by soft-bodied organisms,
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Box 10.4 Vendobionts or the first true metazoans

The apparently unique morphology and mode of preservation of the Ediacara biota has led to much
debate about the identity and origins of the assemblage. Adolf Seilacher (1989) argued that these
organisms were quite different from anything alive today in terms of their constructional and func-
tional morphology (Fig. 10.9). Apart from a distinctive mode of preservation, the organisms all share
a body form like a quilted air mattress: they are rigid, hollow, balloon-like structures with sometimes
additional struts and supports together with a significant flexibility. Seilacher termed the Ediacaran
organisms vendobionts, meaning organisms from the Vendian, and he speculated about their unique
biology. Reproduction may have been by spores or gametes. The skin must have been flexible,
although it could crease and fracture, and it must have acted as an interface for diffusion processes.
This stimulating and original view of the Ediacarans, however, remains controversial. Several members
of the Vendobionta have been interpreted as regular metazoans, suggesting a less original explana-
tion for the Ediacara group.

Leo Buss and Adolf Seilacher (1994) suggested a compromise. Their phylum Vendobionta includes
cnidarian-like organisms lacking cnidae, the stinging apparatus typical of the cnidarians. Vendobi-
onts thus comprise a monophyletic sister group to the Eumetazoa (ctenophorans + bilaterians). This
interpretation requires the true cnidarians to acquire cnidae as an apomorphy for the phylum.

The vendobiont interpretation has opened the doors for a number of other interpretations and the
understanding of Ediacaran paleobiology is as open as ever: some authors have suggested the Edia-
carans are giant protists, lichens, prokaryotic colonies or fungus-like organisms. However most agree
that the Ediacara assemblage includes some crown- and stem-group sponges and cnidarians, a conclu-
sion proposed by Sprigg in the late 1940s. This is supported by biomarker and molecular clock
data.
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Figure 10.9 Vendozoan constructional morphology, recognizing unipolar, bipolar and radial
growth modes within the Ediacara-type biota. Scale bars, 10 mm. (From Seilacher 1989.)
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Figure 10.10 An Ediacara community including a fixed and mobile tiered benthos.

minute conical shells were also present in some
Ediacaran successions, including localities in
Brazil, China, Oman and Spain. Cloudina was
possibly a cnidarian-type organism with a
unique shell structure having new layers
forming within older layers. Moreover it was
probably related to a suite of similar shells
such as Sinotubulites, Nevadatubulus and
Wyattia that also occurred close to the Pre-
cambrian—-Cambrian boundary. In addition to
complex multicellularity, modularity, locomo-
tion and predation, biomineralization was
already far advanced in the Late Proterozoic,
providing a link with what was to follow in
the Nemakit-Daldynian assemblages of the
earliest Cambrian. Some of the shells of
Cloudina are bored, suggesting the presence of
predators (Fig. 10.11), although it is not certain
the animals were still living when bored.

Small shelly fauna

A distinctive assemblage of small shelly fossils
has now been documented in considerable
detail from the Precambrian-Cambrian tran-
sition; the assemblage is most extravagantly
developed in the lower part of the Cambrian
defined on the Siberian platform, traditionally
called the Tommotian, which gives its name

The calcareous tube Cloudina

Figure 10.11
displaying indications of predation. (Courtesy of
Stefan Bengtson.)

to the fauna. A great deal is now known about
the stratigraphic distribution and paleobio-
geography of these organisms through current
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Hertzina Lapworthella

Tommotia

Camenella

Anabarella

Latouchella

Figure 10.12 Elements of the Tommotian-type or small shelly fauna. Magnification approximately x20
for all, except Fomitchella which is about x40. (Based on various sources.)

interest in the definition of the base of the
Cambrian System. Nevertheless, the biologi-
cal affinities of many members of the Tom-
motian fauna have yet to be established. The
assemblage, although dominated by minute
species, together with small sclerites of larger
species, represents the first major appearance
of hard skeletal material in the fossil record,
some 10 myr before the first trilobites evolved
(see p. 363).

This type of fauna is not restricted to the
Tommotian Stage; small shelly fossils are also
common in the overlying Adtabanian Stage
(see below) and similar assemblages of mainly
phosphatic minute shells have been reported
from younger condensed sequences in the
Paleozoic. The shell substance of the carbon-
ate skeletons within the fauna seems to have
been controlled by the ambient seawater
chemistry; Nemakit-Daldynian assemblages
were mainly aragonite, whereas younger
shells were mainly calcitic (Porter 2007).
Tommotian-type faunas probably finally dis-
appeared with the escalation of predation
during the Mesozoic.

Some scientists such as Stephen Jay Gould
suggested the less time-specific term, small
shelly fossils to describe these assemblages.
The fauna is now known to include a variety
of groups united by their minute size and
sudden appearance near the base of Cam-

brian. The small shelly fauna probably domi-
nated the earliest Cambrian ecosystems when
many metazoan phyla developed their own
distinctive characteristics, initially at a very
small scale. Nevertheless, some of this small
size may be a preservational artifact, since
phosphatization only works at a millimeter
scale.

Composition and morphology

Many of the Tommotian skeletons (Fig. 10.12)
were retrieved from residues after the acid
etching of limestones; thus there is a bias
towards acid-resistant skeletal material in any
census of the group as a whole. Moreover,
there is currently discussion concerning
whether the acid-resistant skeletons of the
Tommotian-type animals were primary con-
structions or secondary replacement fabrics.
Or perhaps these shells survived in the sedi-
ments because of particular chemical condi-
tions in the oceans at the time that allowed
phosphatic fossils to survive (Porter 2004).
The Tommotian animals had skeletons com-
posed of a variety of materials. For example,
Cloudina and the anabaritids were tube-build-
ers that secreted carbonate material, whereas
Mobergella and Lapworthella consisted of
sclerites comprising organisms that secreted
phosphatic material; Sabellidites is an organic-
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walled tube possibly of an unsegmented
worm.

Many of the Tommotian animals are form
taxa (that is, named simply by their shapes)
because the blologlcal relationships of most
cannot be established and often there are few
clues regarding the function and significance
of each skeletal part. Most are short-lived and
have no obvious modern analogs. Two groups
are common — the hyolithelminthids have
phosphatic tubes, open at both ends, whereas
the tommotiids are usually phosphatic, cone-
shaped shells that seem to belong in bilater-
ally symmetric sets.

Discoveries of near-complete examples of
Microdictyon-like animals from the Lower
Cambrian of China have helped clarify the
status and function of some elements of the
Tommotian fauna. These worms have round
to oval plates arranged in pairs along the
length of the body, which may have provided
a base for muscle attachment associated with
locomotion. As noted previously, many of the
small shelly fossils are probably the sclerites
of larger multiplated worm and worm-like
animals (Box 10.5).

The Meishucunian biota

The Meishucunian Stage of South China has
yielded some of the most diverse Tommotian-
type assemblages in strata of Atdabanian age
(see Appendix 1). Qian Yi and Stefan Bengt-
son (1989) have described nearly 40 genera
that belong to three largely discrete, succes-
sive assemblages through the stage. First,
the  Anabarites—Protobertzina—Arthrochites
assemblage is dominated by tube-dwelling
organisms such as Anabarites; the Siphongu-
chites—Paragloborilus assemblage contains
mobile mollusk-like and multiplated organ-
isms together with some tube-dwellers and
possible predators; whereas the Lapworth-
ella-Tannuolina-Sinosachites association has
mainly widespread multiplated animals.

Many of these fossils are known from
Lower Cambrian horizons elsewhere in the
world, highlighting the global distribution
of many elements of the fauna. However,
the three “community” types are rather
mysterious, and probably represent different
ecosystems, but it is hard to speculate
further.

Distribution and ecology

Although it is still unclear whether many of
the Tommotian skeletons are single shells or
single sclerites and the autecology of most
groups is unknown, the assemblage was cer-
tainly the first example in evolution of a skel-
etalized benthos. Very few of the Tommotian
skeletal parts exceed 1 cm; nevertheless many
shells were the armored parts of larger worm-
like animals. And both mobile and fixed forms
occurred together with archaeocyathans and
non-articulate brachiopods. The microben-
thos of the Tommotian was succeeded by a
more typical Cambrian fauna, dominated by
trilobites, non-articulate brachiopods, mono-
placophoran mollusks and primitive echino-
derms together with the archaeocyathans
during the Atdabanian Stage (Fig. 10.14).

Cambrian explosion

The Cambrian explosion suddenly generated
many entirely new and spectacular body plans
(Box 10.6) and coincides with the appearance
of the Bilateria over a relatively short period
of time (Conway Morris 1998, 2006). This
rapid diversification of life formed the basis
for Stephen Jay Gould’s bestseller, Wonderful
Life (1989), which took its title from the
Frank Capra 1946 film It’s a Wonderful Life.
The rapid appearance of such a wide range of
apparently different animals has suggested
two possible explanations. The “standard”
view is that the diversification of bilaterians
happened just as fast as the fossils suggest,
and that some reasons must be sought to
explain why many different animal groups
apparently acquired mineralized skeletons at
the same time. An alternative view arose after
initial molecular studies had suggested that
animals diverged some 800 myr before the
beginning of the Cambrian (e.g. Wray et al.
1996). If these molecular views were correct,
then the absence of fossils of modern animal
phyla through the Proterozoic would have to
be explained by an interval of cryptic evolu-
tion of probable micro- and meioscopic organ-
isms, living between grains of sand, operating
beneath the limits of detection prior to the
explosion (Cooper & Fortey 1998). Greater
refinement of Cambrian stratigraphy, the tax-
onomy and phylogeny of key Cambrian taxa
and their relative appearance in the fossil
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Box 10.5 Coelosclerites, mineralization and early animal evolution

The coeloscleritophorans are an odd group of animals based on the unique structure of their sclerites
that appeared first in the Tommotian (Fig. 10.13). The sclerites are made of thin mineralized walls
surrounding a cavity with a small basal opening. Once formed, the sclerites did not grow and were
secreted by the mineralization of organic material occupying the cavity. The sclerites have longitu-
dinal fibers and overlapping platelets within the mineralized wall. These animals may be extremely
important in understanding the origin of biomineralization and the fuse for the Cambrian explosion,
as argued by Stefan Bengtson (2005). Coelosclerites may be structures that are not known in any
living animal but that were shared by both the bilaterians and non-bilaterians and probably charac-
terized both ecdysozoans and spiralians. Coelosclerites may then have been lost, possibly by pro-
genesis (see p. 145) from the larval to juvenile stages. If these features were developed in larger
bilaterians then it is possible that within the Ediacara fauna giant forms — tens of centimeters in
length — lurked, adorned by spiny and scaly sclerites. This is a controversial but nonetheless stimu-
lating view that adds even more variety to our interpretations of early metazoan evolution.

Figure 10.13 Coelosclerites. Chancelloriids: 1 and 2, Chancelloria; 3, Archiasterella; 4,
Eremactis. Sachitid: 5, Hippopharangites. Siphonoguchitids: 6, Drepanochites; 7, Siphogonuchites;
8, Maikhanella. Scale bars, 100 um. (Courtesy of Stefan Bengtson.)
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Figure 10.14 Stratigraphic distribution of Late Precambrian and Early Paleozoic metazoan taxa, some
key morphological transitions and the carbon isotope record (8"*C). PDB, Vienna Pee Dee beleminite,
the standard material for relative carbon isotope measurements. (Based on various sources.)

record, together with a revised molecular
clock (see p. 133), have suggested an alterna-
tive hypothesis. The current Lower to Middle
Cambrian fossil record displays the sequential
and orderly appearance of successively more
complex metazoans (Budd 2003), albeit rather
rapidly (Fig. 10.16), and the timing is closely
matched by revised molecular time scales
(see p. 235; Peterson et al. 2004). Neverthe-
less there is some suggestion from the biogeo-
graphic patterns of trilobites that the diver-
gence of many metazoan lineages may have
already begun 30-70 myr earlier (Meert &
Lieberman 2004) and speciation rates during
the explosion were not in fact so incredible
compared with those of other diversifications

preserved in the fossil record (Lieberman
2001).

Much of our knowledge of the Cambrian
explosion is derived from three spectacular,
intensively-studied Lagerstitte assemblages:
Burgess (Canada), Chengjiang (China) and
Sirius Passet (Greenland). The diversities of
the Cambrian “background” faunas are gen-
erally much lower and arguably contain less
morphologically different organisms. Recon-
structions of these seafloors are possible (Fig.
10.17). But whereas the Cambrian explosion
provided higher taxa, in some diversity, the
Ordovician radiation generated the sheer
biomass, biodiversity and biocomplexity that
would fill the world’s oceans.
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Box 10.6 Roughness landscapes

There have been a number of explanations for the rapid explosion of life during the Early and Mid
Cambrian involving all sorts of developmental (genetic), ecological and environmental factors. Why,
too, was this event restricted to the Cambrian? Was there some kind of developmental limitation,
an ecological saturation, or were there simply no further ecological opportunities left to exploit?
One interesting model that may help explain the ecological dimension of the event involves the use
of fitness landscapes. The concept is taken from genetics but can be adapted to morphological infor-
mation (Marshall 2006). Biotas can be plotted against two axes, each representing morphological
rules that can generate shapes. The Ediacara fauna has only three recognizable bilaterians, so the
landscape is relatively smooth with only three peaks. On the other hand the Cambrian explosion
generated at least 20 bilaterian body plans and a very rough landscape rather like the Alps or the
Rockies (Fig. 10.15). What roughened the landscape, or why were there more bilaterians in the
Cambrian fauna? Much of the bilaterian genetic tool kit was already in place in the Late Proterozoic
and the environment was clearly conducive to their existence. The “principle of frustration” (Mar-
shall 2006), however, suggests that different needs will often have conflicting solutions, ensuring that
the best morphological design is rarely the most optimal one. Is it possible that, with the rapid
development of biotic interactions such as predation, many morphological solutions were developed,
some less than optimal but nevertheless driving a roughening of the fitness landscape. Thus “frustra-
tion”, the multiplication of attempted solutions to new opportunities, led to the roughening of the
Cambrian landscape and may have been an important factor in the Cambrian explosion.
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Figure 10.15 Comparison of Ediacara and Cambrian landscapes: (a) fitness landscapes; (b)
locally optimal morphologies (Nicklas’ plants); and (c) locally optimal morphologies (bilaterian
animals). (Based on Marshall 2006.)
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Figure 10.16 Modes of the Cambrian explosion. (Based on Budd & Jensen 2000.)

Ordovician radiation

During an interval of some 25 myr, during the
Mid to Late Ordovician, the biological com-
ponent of the planet’s seafloors was irrevers-
ibly changed. A massive hike in biodiversity
was matched by an increase in the complexity
of marine life (Harper 2006). The event wit-
nessed a three- to four-fold increase in, for
example, the number of families, leveling off
at about 500; these clades would dominate
marine life for the next 250 myr. Nevertheless
the majority of “Paleozoic” taxa were
derived from Cambrian stocks. With the
exception of the bryozoans (see p. 313), no
new phyla emerged during the radiation,
although more crown groups emerged from
the stem groups generated during the Cam-
brian explosion.

The great Ordovician radiation is one of
the two most significant evolutionary events
in the history of Paleozoic life. In many ways
the Ordovician Period was unique, enjoying
unusually high sea levels, extensive, large epi-
continental seas, with virtually flat seabeds,
and restricted land areas, many probably rep-
resented only by archipelagos. Magmatic and
tectonic activity was intense with rapid plate
movements and widespread volcanic activity.
Island arcs and mountain belts provided
sources for clastic sediment in competition
with the carbonate belts associated with most
of the continents. Biogeographic differentia-
tion was extreme, affecting plankton, nekton
and benthos, and climatic zonation existed,
particularly in the southern hemisphere.

Finally, during the Mid Ordovician, the Earth
was bombarded with asteroids that appear in
some way also to be linked to the biodiver-
sification (Schmitz et al. 2008). Taken together,
these conditions were ideal for all kinds of
speciation processes and the evolution of eco-
logical niches. Most significant was the diver-
sification of skeletal organisms, including the
brachiopods, bryozoans, cephalopods, con-
odonts, corals, crinoids, graptolites, ostra-
codes, stromatoporoids and trilobites that we
will read about later.

Whereas the Cambrian explosion involved
the rapid evolution of skeletalization and a
range of new body plans, together with the
extinction of the soft-bodied Ediacara biota
and the appearance of the Bilateria, the Ordo-
vician diversification generated few new
higher taxa, for example phyla, but witnessed
a staggering increase in biodiversity at the
family, genus and species levels. This taxo-
nomic radiation, which included members of
the so-called “Cambrian”, “Paleozoic” and
“Modern” evolutionary biotas (see p. 538),
set the agenda for much of subsequent marine
life on the planet against a background of
sustained greenhouse climates. Although
many outline analyses have been made, there
are relatively few studies of the ecological and
environmental aspects of the Ordovician
diversification (Bottjer et al. 2001). Moreover
the causes of the event, and its relationship to
both biological and environmental factors,
are far from clear. Evolution of the plankton,
however, may have been a primary factor
(Box 10.7).
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Figure 10.17 The Cambrian (a) and Ordovician (b) seafloors. (Based on McKerrow 1978.)
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Box 10.7 Larvae and the Ordovician radiation

Many factors, mainly ecological and environmental, have been invoked to explain the great Ordovi-
cian biodiversification or Ordovician radiation. Did the diversification have its origins in the plank-
ton? Most early bilaterians probably had benthic lecithotrophic larvae (see p. 241). But the Cambrian
oceans, relatively free of pelagic predators, offered great possibilities. Exploitation of the water
column by larvae occurred a number of times independently, turning the clear waters of the Early
Cambrian into a soup of planktonic organisms in the Ordovician. The fossil record and molecular
clock data suggest that at least six different feeding larvae developed from non-feeding types between
the Late Cambrian and Late Silurian (Peterson 2005). In addition to planktotrophic larvae, the
oceans were rapidly colonized by diverse biotas of other microorganisms such as the acritarchs (see
p. 216). The dramatic diversification of the suspension-feeding benthos coincides with the evolution
of planktotrophy in a number of different lineages (Fig. 10.18). These factors had an undoubted
effect on the diversification of Early Paleozoic life, which reached a plateau of diversity during the
Ordovician.
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Figure 10.18 Origin of larval types and the Ordovician radiation as deduced from the fossil
record and molecular clock data. The numbers of genera of key suspension-feeding taxa are
indicated on the histogram in light tint, and, in dark tint, the numbers of genera of trace fossils.
(Based on Peterson 2005.)
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SOFT-BODIED INVERTEBRATES

Of the 25 or so commonly recognized animal
phyla, fewer than nine (35%) have an ade-
quate fossil record. Many are small phyla rep-
resented by relatively few species. However,
there are a number of larger phyla whose
poor fossil record reflects the lack of a pre-
servable skeleton, although a number of these
soft-bodied forms are preserved in fossil
Lagerstiatten. Most are worms or worm-like
organisms (Fig. 10.19). But in spite of unspec-
tacular fossil records, there is considerable
interest in these poorly represented inverte-
brates. The origins of many higher taxa must
be sought within the plexus of worm-like
organisms. Moreover, the evidence from the

Burgess Shale and other such exceptionally
preserved faunas suggests that many of these
soft-bodied groups dominated certain marine
paleocommunities in terms of both numbers
and biomass and additionally contributed to
associated trace fossil assemblages.

The platyhelminths or the flatworms are
bilateral animals with organs composed of
tissues arranged into systems. Most are para-
sites, but the turbellarians are free-living
carnivores and scavengers. The Ediacaran
animals Dickinsonia and Palaeoplatoda
have been assigned to the turbellarian flat-
worms by some authors; similarly Platyden-
dron from the Middle Cambrian Burgess
Shale has  been ascribed to the
platyhelminthes.
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The ribbon worms, or nemertines, are char-
acterized by a long anterior sensory probos-
cis. The majority are marine, although some
inhabit soil and freshwater. Although the
bizarre Amiskwia from the Middle Cambrian
Burgess Shale was assigned to this group,
recent opinion suggests it is merely conver-
gent on the nemertine body shape. Some of
the Tommotian animals may also be nemer-
tine worms. The nematodes or roundworms
are generally smooth and sac-like.

The priapulid worms are exclusively
marine, short and broad with probosces
(“noses”; singular, proboscis) covered in
spines and warts. The Middle Cambrian
Burgess Shale contains seven genera assigned
to at least five families. The Burgess forms are
all characterized by priapulid probosces, and
most have little in common with modern
forms. Nevertheless the most abundant taxon,
Ottoia, is very similar to the living genus Hal-
icryptus. Elsewhere in the fossil record the
Upper Carboniferous Mazon Creek fauna has
yielded Priapulites, which has a distinctly
modern aspect.

The annelid worms, such as the common
earthworm and lugworm, have ring-like exter-
nal segments that coincide with internal parti-
tions housing pairs of digestiveand reproductive
organs; the nervous system is well developed
and the head has distinctive eyes. The annelid
body is ornamented by bristles that aid loco-
motion and provide stability. Most are preda-
tors or scavengers living in burrows. The
polychaetes or paddle worms have the most
complete fossil record; the record is enhanced
by the relatively common preservation of ele-
ments of the phosphatic jaw apparatus known
as scolecodonts (see p. 359). Although some
Ediacaran animals, such as Spriggina, have
been associated with the polychaetes, the first
undoubted paddle worms are not known until
the Cambrian. A diverse polychaete fauna has
been described from the Burgess Shale; it even
contains Canada spinosa, similar to some
living polychaetes.

Review questions

1 Traditional methods of reconstructing the
phylogeny of the early metazoans based
on morphology have encountered prob-
lems. Is the concept of body plans still
useful and if so, for what?

2 Interpretations of Ediacaran biotas are as
far from a consensus as ever. Why are the
Ediacara organisms so difficult to classify
and understand?

3 The identification of embryos and trace
fossils are both important evidence of
animal life. How can both be used to indi-
cate the presence of metazoan life?

4 Was the Cambrian explosion one of
animals or fossils? How large was the role
of taphonomy in the manifestation of the
Cambrian explosion?

5 Within an interval of 100 million years the
planet’s seafloors were changed for ever.
Briefly compare and contrast the changing
seascapes through the Ediacaran, Cam-
brian and Ordovician periods.
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