
Evidence for Multicellular Life 
and Changes to Ecosystems
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Microbial ecosystems

• Microbialites are well known 
from 3.5 Ga to the present

• >2000 fossil locations in WA
• Photosynthesis at 2.4 Ga caused 

the Great Oxidation Event
• Distribution now limited by 

grazers Stromatolite from Bitter Springs Formation 
(850 Ma), Amadeus Basin, Australia 
(J St John 2015, Creative Commons)

Microbialites are deposits that have resulted from microbes trapping and binding 
sediment and/or precipitating minerals. These are possibly the first ecosystems on 
Earth. They include stromatolites, thrombolites, dendrolites and MISS (microbially 
induced sedimentary structures).

The oldest microbialite fossils are from the Dresser Formation in the Pilbara, 3.5 
billion years ago. Microbial mats were the dominant form of life for 3 billion years 
until the evolution of grazers severely limited their distribution. Microbialites are also 
a disaster fauna that moves into ecological sites during and after extinctions, but are 
normally limited by grazers.

Although microbialite fossils are the result of many cells living together, they are not 
evidence of multicellular life. Microbial mats exhibit some specialisation, but not true 
multicellularity.
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Early multicellular life

• 2.1 Ga colonial organism, 
Gabon, Africa
− Time of Great Oxidation 

Event
− Trace fossils indicate possible 

movement
• 1.56 Ga seaweed (?), North 

China
− Up to 30 cm long, 8 cm wide
− Probably photosynthetic Linear (1) and tongue-shaped (2) fossils from 

Gauyuzhuang Formation. Coates et al 2015 
https://doi.org/10.3389/fpls.2014.00737 Open Access

10 cm diameter fossil from 
Gabon. 
B Potin 2015, Creative Commons

Multicellular organisms have arisen independently in a variety of plant lineages, but 
probably only once in the animals.* 

The colonial organisms found in 2.1-billion-year-old Franceville deposits in Gabon 
appeared during the Great Oxidation Event. Apparent trace fossils suggest movement 
in these organisms, but they appear to have left no descendants.

Large seaweed-like fossils from North China suggest that at least one lineage of algae 
evolved multicellularity more than a billion years before the Cambrian event. The 
modern affinities of these organisms are unknown, but they have predictable shapes, 
suggesting a regular developmental program.

These early experiments in multicellularity appear to be fairly isolated. However, the 
fossil record is poorly known for older strata. Little is known about the ecosystems in 
which the organisms lived.

*Coates JC, Umm-E-Aiman, B Charrier (2015). Understanding “green” multicellularity: 
do seaweeds hold the key? Front. Plant Sci https://doi.org/10.3389/fpls.2014.00737
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The Avalon Explosion

• 580 – 541 Ma
• Named after Avalon Terrane 

(eastern Newfoundland, central UK)
• >50 localities
• >100 genera described
• Includes Ediacara locality in South 

Australia
• 3 distinct time periods/assemblages

Fossils at Mistaken Point, 
Newfoundland (Avalon Terrane) 
Alicejmichel 2009, Creative Commons

The Avalon explosion represents an explosion of biodiversity that changed 
ecosystems, nutrient cycling and global ocean chemistry. This is widely regarded as 
the start of animal ecosystems.

The earliest organisms are from the Avalon Terrane, with localities in the UK and 
Newfoundland. The relationship of Avalonian organisms to present organisms (if any) 
is still being debated, but there are three major stages to the explosion. (see next 
slide for the first stage). 

Information from:
B Shen, L Dong, S Xiao, M Kowalewski (2008). The Avalon explosion: evolution of 
Ediacara morphospace. Science 319 (5859): 81-84

AG Liu, CG Kenchington, EG Mitchell (2015). Remarkable insights into the 
paleoecology of the Avalonian Ediacaran macrobiota. Gondwana Research 27: 1355-
1380  
https://reader.elsevier.com/reader/sd/pii/S1342937X14003256?token=BD633ED4A2
4CA7FD53C8F6437BE7E74CDCD6D3A42CB107C265921EE20504FC33F3627C51F2603
1B663082F9EB2188D2A 
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Avalon assemblage

Reconstruction of benthic Avalonian community 
(by CGK from AG Liu, CG Kenchington, EG Mitchell (2015). Remarkable insights into the 
paleoecology of the Avalonian Ediacaran macrobiota. Gondwana Research 27: 1355-1380)

• 575-565 Ma
• Low diversity
• Mostly frond-like 

organisms
• Feeding?
• Sexual reproduction?
• No movement

The frond-like Charnia was the first of the Ediacaran/Avalonian organisms to be described as 
a fossil. First found in England’s Charn Forest, it is now known to occur on many continents, 
including Australia.
Most frond organisms are known as rangeomorphs. Some laid flat on the ocean floor, but 
others had stalks and were upright. Their feeding method is unknown. Some palaeontologists 
think they were filter feeders, but others say they were osmotrophs – absorbing organic 
carbon from the water.

Other named fossils from the Avalon assemblage include Ivesheadiomorphs, which are now 
interpreted as the rotting remains of rangeomorphs. These are shown by the light-coloured 
circular impressions in the upper centre of the illustration.

Juvenile rangeomorphs are miniature versions of adult ones and there is no sign of budding. 
This leads some scientists to hypothesise that they reproduced with a planktonic stage. 
However, a recent paper* documents filamentous connections between fronds and proposes 
that they are evidence of a clonal reproductive strategy.
There is no evidence of movement during this early stage of the Ediacaran.

*AG Liu, FS Dunn. Filamentous connections between Ediacaran fronds. Current Biology 30(7): 
1322-1328.
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White Sea assemblage

• 560-550 Ma
• Widespread
• Diversity of metazoans 

AND microbial mats
• Bilateral organisms
• Biomineralisation
• Movement
• Habitat partitioning
• Complex reproduction

Habitat partitioning due to grazers  in White Sea assemblage 
(from EG Mitchell, et al. (2020). The influence of environmental setting on the 
community ecology of Ediacaran organisms. Interface Focus. 10: 20190109)

The White Sea assemblage is named after major sites near the White Sea in Russia. It 
includes sites in Australia (Flinders Ranges & central Australia), Siberia, Ukraine and 
Canada. These widespread organisms represent the peak of Ediacaran diversity and 
the beginning of innovations such as bilateral body plans, movement, grazing and 
habitat partitioning. 

However, this world was still dominated by microbial mats that covered the substrate. 
In fact, microbial mats peak in diversity during this period, leading some authors to 
speculate that the diversity of mats was due to ecological associations with the 
newly-evolved animals.

Rangeomorph fossils are common across the many fossil locations, but new body 
plans have arisen. In particular, bilateral organisms like Dickinsonia (see next slide) 
and Spriggina. 

The first evidence of biomineralisation (skeletons) is from the bizarre Coronacollina
which is thought to be an early sponge with four long spicules radiating out from a 
soft conical body. (see next slide)
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Kimberella used a proboscis-like structure to excavate and feed on mat and was 
capable of movement (see next slide). Moving mat grazers included the bilaterally 
symmetrical Dickinsonia and Yorgia. Spriggina and Parvancorina have bilateral 
symmetry, but leave no traces on the matground. Thus, these taxa either did not 
move or had another feeding mode.

The abundance of fossils from the White Sea deposits in Siberia and Australia have 
allowed palaeontologists to observe distinctive faunas in different habitats. Shallow-
water communities were heterogeneous due to the distribution of immobile 
organisms. This influences the distribution of grazers, which make the environment 
even more heterogeneous. The deep water areas are not as patchy and do not 
feature grazers.

Finally, clustering patterns of frond organisms suggest they may have had both sexual 
and asexual reproductive strategies. The pattern of Funisia fossils suggest that they 
reproduced with asexual budding in distinct cohorts, whereas other organisms (e.g. 
Aspidella) show continuous reproduction.

For more information see:
SD Evans, JG Gehling, ML Droser (2019). Slime travelers: Early evidence of animal 
mobility and feeding in an organic mat world. Geobiology 17: 490-509. 
https://doi.org/10.1111/gbi.12351
EG Mitchell, et al. (2020). The influence of environmental setting on the community 
ecology of Ediacaran organisms. Interface Focus. 10: 20190109)
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White Sea organisms

Dickinsonia tenuis. (M Miyasaka
2017, Creative Commons)

Coronacollina acula (A) reconstruction 
and (B) fossil. (from ML Droser, JG Gehling
(2015). The advent of animals: The view from 
the Ediacaran. PNAS 112(16): 4865-4870.) 

Kimberella quadrata fossil (top) and 
feeding traces (bottom). (top: M 
Miyasaka 2018; bottom: A Nagovitsyn 2010, 
Creative Commons)

Dickinsonia (left) has bilateral symmetry with evidence of movement and grazing.
Coronacollina (centre) is the first reported taxon with mineralised structures – the 
long spicules radiating out from a soft central body.
Kimberella (right) is thought to be an ancestral mollusc. It had a proboscis that it used 
to scrape up substrate as it moved.
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Nama Assemblage

• 550-541 Ma
• Lower diversity
• Shallow marine
• Poor conditions for life or 

for fossilisation?
• No fossils of bilateral 

organisms
• First metazoan reefs

Drawing of Cloudina – an 
early reef-building 
organism. (G Bartlett 2007, 
Creative Commons)

Cloudina and Namacalathus fossils 
in limestone – early reef-building 
organism. 
(Daderot 2016, Creative Commons)

The Nama assemblage is known from Canada, the US and southern Namibia. The 
reduction in diversity is attributed by different authors to a lack of environments 
suitable for fossilisation or a lack of environmental settings suitable for the 
matgrounds on which most of the metazoans live. Areas with Nama metazoans have 
a diversity of mat surfaces, indicating that these were key to the Ediacaran-style 
ecosystems.

Although frond organisms remain common, there is no preservation of bilateral or 
triradial organisms. However, the Nama Assemblage contains several skeletonised 
organisms that formed the first metazoan reefs. This is a significant ecological 
innovation.

For more information see:
R Wood, A Curtis (2015). Extensive metazoan reefs from the Ediacaran Nama Group, 
Namibia: the rise of benthic suspension feeding. Geobiology 13(2):112–22 
https://doi.org/10.1111/gbi.12122
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The Cambrian Explosion

• 541 Ma
• First fossils found were 

trilobites
• Defined by tunnels of 

Treptichnus

Cambrian ecosystem 
(CNX OpenStax 2013, Creative Commons)

Trilobites were the first Cambrian fossils found and described. Geologists thought 
these hard shells represented the origin of life and defined the period using trilobite 
index fossils for the Cambrian and Silurian. The presence of burrowing organisms like 
Treptichnus was thought to be unique to the Cambrian but that is now being 
challenged by late Ediacaran trace fossils.

The apparent sudden appearance of complex organisms troubled Charles Darwin, 
who suggested that there must be gaps in the fossil record for the earlier periods. 
This evidence has since been found.

The true diversity of the Cambrian is best appreciated at lagerstätten sites where soft 
tissues are preserved. (All Ediacaran sites are lagerstätten sites). The first and best 
known of these is the World Heritage Listed Burgess Shale of British Columbia, 
discovered in 1909. More recent lagerstätten sites from China have provided 
information about the diversity of organisms before those of the Burgess Shale.
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Early Cambrian: 
Chengjiang fauna
• 518 Ma
• Oldest, most diverse 

metazoans of 
Phanerozoic

• >200 animal species in 
18 phyla

• 23 ecological groups

(Reconstructions of Chengjiang fauna by Apokryltaros, Creative Commons)

Lobopods

Megacheiran 
arthropods

Yuyuanozoon

Found in 1984 and described in 1985, the Chengjiang deposits represent our best 
view of the early Cambrian at a lagerstätten site. As of 2010, 228 fossil species had 
been reported. The groups represented include algae, sponges, ctenophores, annelid 
worms, brachiopods, arthropods, chordates, anomalocarids and echinoderms.

This rich deposit allows scientists to look at ecological roles in the community and 
relative population sizes in different niches.

A 2019 find of similar age in Qingjiang promises to rival the Chengjiang and Burgess 
Shale for preservation, including preservation of larval forms.

For more information:
FC Zhao, MY Zhu, SX Hu (2010). Community structure and composition of the 
Cambrian Chengjiang biota. Sci China Earth Sci 53:1784-1799. doi: 10.1007/s11430-
010-4087-8 
(https://www.researchgate.net/publication/225106056_Community_structure_and_
composition_of_the_Cambrian_Chengjiang_biota)
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Chengjiang ecosystem

• Arthropods dominate (37% of 
species, 52% of  individuals)

• Diverse feeding strategies 
including predation

• Similar community patterns 
and functional relations to 
modern shallow marine 
ecosystems

Biodiversity of the Chengjiang biota based on species 
(Zhao et al (2010). Community structure and composition of 
the Cambrian Chengjiang biota. Sci China Earth Sci 53:1784-
1799.)

Arthropods are the dominant group, which is similar to other Cambrian sites. However, chordates of 
Chengjiang are abundant and diverse – a contrast to their rarity and low diversity in the Burgess Shale.

The diverse feeding strategies include suspension feeding (35.6%) and hunters/scavengers (31.1%). 
Free-swimming species are mainly hunters/scavengers. The presence of predators is a major 
evolutionary change and mirrors modern shallow marine ecosystems. The highest diversities are for 
epifaunal mobile hunters/scavengers (25.4%) and sessile suspension feeders (21.9%). This community 
would have a food web similar to modern ones.

Most of the Changjiang biota (63% of species) are epifaunal (living on or above the seafloor). 
Burrowing animals account for 12% of species, with the remaining species representing swimming 
animals. The fossil record is thought to be biased against free-swimming forms, so must be interpreted 
with caution.

Data from:
FC Zhao, MY Zhu, SX Hu (2010). Community structure and composition of the Cambrian Chengjiang 
biota. Sci China Earth Sci 53:1784-1799. doi: 10.1007/s11430-010-4087-8 
(https://www.researchgate.net/publication/225106056_Community_structure_and_composition_of_
the_Cambrian_Chengjiang_biota)
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Middle Cambrian: 
Burgess Shale of British Columbia 
• 506 Ma
• Discovered in 1909 by 

Charles Walcott
• 77,179 specimens
• 234 species

Marella splendens
reconstruction (based on 
Haug et al 2012, Creative 
Commons)

Fossil sponge Takakkawia
lineata (Obsidian Soul, Creative 
Commons)

Fossil polychaete 
Burgessochaeta setigera
(Obsidian Soul, Creative 
Commons)

The first of the Cambrian lagerstätten sites to be discovered was the World Heritage 
listed Burgess Shale in British Columbia, Canada. The original Walcott Quarry has 
been joined by major sites that include the highly diverse Marble Canyon, discovered 
in 2012.

(Fun fact: Walcott never completed formal education, having dropped out of high 
school. However, he became an expert geologist and palaeontologist. He was head of 
the Smithsonian for many years.)

For more information:
K Nanglu, JB Caron, RR Gaines (2020). The Burgess Shale palaeocommunity with new 
insights from Marble Canyon, British Columbia. Paleobiology, 46(1), 58-81. 
doi:10.1017/pab.2019.42
(https://www.cambridge.org/core/journals/paleobiology/article/burgess-shale-
paleocommunity-with-new-insights-from-marble-canyon-british-
columbia/1F90AF7FFD14AAED92801DAC780C952B#)
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Burgess Shale ecosystem

Abundance of taxonomic groups at 
Marble Canyon (K Nanglu, JB Caron, RR Gaines 
(2020). The Burgess Shale palaeocommunity with new 
insights from Marble Canyon, British Columbia. 
Paleobiology, 46(1), 58-81. doi:10.1017/pab.2019.42)

• Arthropods dominate (56% of 
species)

• Suspension feeding most 
common

• Analysis of individual layers 
shows stable times followed by 
rapid turnover

As in all Cambrian communities, arthropods are the most abundant and diverse 
taxonomic group. With even greater abundance in the Burgess Shale compared to 
Chengjiang. This period is well into the diversification of trilobites, which were just 
beginning to radiate in the Chengjiang community.
The most common feeding strategy is sessile, bottom-dwelling suspension feeding, 
representing more than 50% of the ecological modes, with free-swimming 
hunting/scavenging the next most common.

The many sites and thick layers in the Burgess Shale allow palaeontologists to analyse 
changes in communities over relatively short palaeo-timescales. These indicate that 
periods of stability alternated with periods of rapid species turnover, interpreted to 
be environmental disturbance. The broad-scale ecological community structure is 
very similar to that of Chengjiang, but finer detail reveals a more dynamic 
environment with considerable variation.

For more information:
K Nanglu, JB Caron, RR Gaines (2020). The Burgess Shale palaeocommunity with new insights from 
Marble Canyon, British Columbia. Paleobiology, 46(1), 58-81. doi:10.1017/pab.2019.42
(https://www.cambridge.org/core/journals/paleobiology/article/burgess-shale-paleocommunity-with-
new-insights-from-marble-canyon-british-columbia/1F90AF7FFD14AAED92801DAC780C952B#)
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What caused the differences between Ediacaran and 
Cambrian ecosystems?

Cambrian ecosystem (CNX OpenStax 2013, Creative 
Commons)

Reconstruction of benthic Avalonian community (by CGK from 
AG Liu, CG Kenchington, EG Mitchell (2015). Remarkable insights into the 
paleoecology of the Avalonian Ediacaran macrobiota. Gondwana 
Research 27: 1355-1380)

There are some striking differences between the ecosystems of the Ediacaran and 
Cambrian time periods. However, the distinctions blur as we see early appearance of 
innovations in the Ediacaran. Features foreshadowed in the Ediacaran include 
movement, burrowing, sexual reproduction and bilateral symmetry.

Why are the Cambrian ecosystems more complex, active and diverse?
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Increasing oxygen

• Ediacaran – major increase 
to 0.25 of present level in 
shallow environments

• Higher levels of oxygen are 
required for increased size, 
mobility, carnivory, complex 
nervous systems and 
eyesight

Increase in oxygen (relative to Present Atmospheric 
Level) during the Ediacaran (from Williams, J.J., Mills, B.J.W. & 
Lenton, T.M. (2019). A tectonically driven Ediacaran oxygenation 
event. Nat Commun 10, 2690. https://doi.org/10.1038/s41467-019-
10286-x)

Following the Cryogenian Period (Snowball Earth), there was a dramatic change in 
biogeochemical cycling. This led to a 50% increase in oxygen levels to 0.25 of Present 
Atmospheric Levels (PAL) by the end of the Ediacaran. This oxygen level is high 
enough to sustain complex animals. This increase occurred in the shallow oceans 
initially, with oxygenation of the deep ocean by the end of the Ediacaran. (In 
conjunction with rising oxygen, levels of iron and sulfur changed dramatically.)

The higher oxygen levels of the late Ediacaran enabled the increases in size, mobility, 
nervous system, carnivory and eyesight seen during the Cambrian explosion. 

For example, sponges can exist in 0.005 – 0.04 PAL oxygen. Most bottom-dwelling 
invertebrates require 0.1 PAL. Free-swimming or highly mobile organisms require 
higher oxygen levels.

For more information see:
Williams JJ, Mills BJW. Lenton TM (2019). A tectonically driven Ediacaran oxygenation 
event. Nat Commun 10, 2690. https://doi.org/10.1038/s41467-019-10286-x
Zhang X, Cui L (2016). Oxygen requirements for the Cambrian Explosion. J Earth Sci
27(2): 187. DOI: 10.1007/s12583-016-0690-8
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The Agronomic Revolution

• Burrowing organisms dramatically 
change the environment

• Burrows and trace fossils show 
more deliberate feeding 
strategies

• More nutrients released
• Matgrounds disappear

3D reconstruction of Treptichnus trace 
fossil (A Nagovitsyn 2010, Creative 
Commons)

Many palaeontologists consider the advent of burrowing to be the greatest difference 
between Ediacaran and Cambrian ecosystems. Recent discoveries of late Ediacaran 
organisms that lived below mats in shallow burrows challenge this major difference. 
The trace fossils left by these creatures have random patterns, suggesting no strategy 
for burrowing.

The distinctive Treptichnus fossils of the Cambrian show clear patterns and appear to 
be from an organism that is systematically piercing the microbial mat to probe for 
prey on top. They are similar to modern predatory worm burrows.

By burrowing into sediments, Cambrian organisms began the Agronomic Revolution. 
The turnover of sediments released more nutrients into the oceans, offered new 
habitats (in sediment, not just under microbial mats) and led to a severe restriction of 
microbial mats.

For more information:
Carbone C, Narbonne GM (2014). When life got smart: the evolution of behavioral complexity through 
the Ediacaran and Early Cambrian of NW Canada. J Paleontol 88(2) 309-330. 
DOI: https://doi.org/10.1666/13-066
Fox D (2016). What sparked the Cambrian explosion? Nature 530: 268-270. doi:10.1038/530268a
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Predation

• Start of evolutionary arms race
• Linked to oxygen levels
• Evidence from bored and broken 

shells, traces in stomachs and 
coprolites

Anomalocaris attacking a trilobite 505 Ma in 
Canada (Foolp 2015, Creative Commons)

Carnivory is viewed as a key innovation that started an evolutionary arms race 
between predators and prey.
Studies in modern low-oxygen ecosystems indicate that predation is only possible 
when oxygen levels reach 3-10% of surface levels. The slight increase in oxygen 
before the Cambrian would have been sufficient for this change.
Like other features once thought to have arisen in the Cambrian, there are hints of 
predation in the Ediacaran. In particular, Cloudina fossils (Ediacaran reef builders) 
have been found with holes in their sides. This is interpreted as marks of attackers 
that bore into the shells.

Evidence of predation is much more common in the Cambrian, during which there 
are clear indications of defensive physical adaptations, possible evidence of predator 
avoidance behaviour in trace fossils and even fragments of prey found in predator 
stomachs and faeces (coprolites).

For more information:
Carbone C, Narbonne GM (2014). When life got smart: the evolution of behavioral complexity through 
the Ediacaran and Early Cambrian of NW Canada. J Paleontol 88(2) 309-330. 
DOI: https://doi.org/10.1666/13-066
Fox D (2016). What sparked the Cambrian explosion? Nature 530: 268-270. doi:10.1038/530268a
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Getting smart

• Eyes and nervous systems
• Neurons that allow quick 

reactions
• 3D environment
• More complex behaviour

Ediacaran trace fossil (Verisimilus
2007, Creative Commons)

Late Cambrian Potichnites trace fossil 
(Kennethcgass 2007, public domain)

Eyes appear during the Cambrian and are the oldest direct evidence for nervous 
systems. Predators must find prey and prey must escape predators. Eyes allow both 
parties to survive more effectively. Vision is used by most predators to find prey.

Animals evolved energetically-expensive spiking neurons right after they started 
eating each other. These neurons allow precisely timed actions such as striking prey 
or fleeing predators.

In addition to the pressure of predation, the more complex environment of the 
Cambrian required more processing power. The Ediacaran environment was 2-
dimensional. Animals grazed on microbial mats and lived on one plane. In the 
Cambrian, many animals are free-swimming or burrowing and must negotiate 3-D 
space.

The Cambrian Explosion triggered an information revolution with animals developing 
eyes and antennae to collect information about their environment and brains to 
process this information. Trace fossils change from being random wanderings to 
discrete patterns that sometimes change – which is interpreted as predator 
avoidance.
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For more information:
Carbone C, Narbonne GM (2014). When life got smart: the evolution of behavioral 
complexity through the Ediacaran and Early Cambrian of NW Canada. J Paleontol
88(2) 309-330. DOI: https://doi.org/10.1666/13-066

Fox D (2016). What sparked the Cambrian explosion? Nature 530: 268-270. 
doi:10.1038/530268a

Monk T, Paulin MG (2014). Predation and the origin of neurones. Brain Behav Evol 84; 
246-261 Open Access: https://www.karger.com/Article/FullText/368177

Plotnick RE, Dornbos SQ, Chen J (2010). Information landscapes 
and sensory ecology of the Cambrian Radiation. Paleobiology 36(2): 
303-317.

Schwab IR (2004). To see what you eat. Br J Ophthalmol 88(2): 
164. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1771979/
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