
THE RISE OF ANIMALS 

Concepts: molecular  clock, timing of the rise 
of animals,  fossil evidence for early animals, 
Ediacaran fauna, trace fossils, body plans, 
Cambrian radiation 
 
 
Reading: Prothero 206-221, Marshall review,  
Narbonne 2005 Annu. Rev. 
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© Andy Knoll & Laura Katz. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
 Source: Parfrey, L.W. et al. "Estimating the Timing of Early Eukaryotic Diversification with Multigene
Molecular Clocks." Proceedings of the National Academy of Sciences 108, no. 33 (2011): 13624-9.
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EUKARYOTIC FOSSIL RECORD BEFORE ~ 1.2 BILLION YEARS AGO 
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© The Royal Society. All rights reserved. This content is excluded

from our Creative Commons license. For more information, see

http://ocw.mit.edu/help/faq-fair-use/. Source: Knoll, Andrew H.,

Emmanuelle J. Javaux, et al. "Eukaryotic Organisms in Proterozoic

Oceans." Philosophical Transactions of the Royal Society B: Biological
Sciences 361, no. 1470 (2006): 1023-38.

 

Courtesy of Nature Publishing Group. Used with permission. 
Source: Javaux, E. J. et al. "Morphological and Ecological Complexity

in Early Eukaryotic Ecosystems." Nature 412, no. 6842 (2001): 66-9. 
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excluded from our Creative Commons license. For more information, see 

http://ocw.mit.edu/help/faq-fair-use/. Source: Butterfield, N. J., and
F. W. Chandler. "Paleoenvironmental Distribution of Proterozoic Microfossils,
with an example from the Agu Bay Formation, Baffin Island." Palaeontology
35, no. 4 (1992): 943-57. 
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Most diverse and abundant record of eukaryotes in Ediacaran 

© sources unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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why do we care about these things? 
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So what ARE these things? 

© sources unknown. All rights reserved. This content is excluded from our Creative
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the mystery of taxonomic affinity!! it’s a natural tendancy for us to want to pick up a fossil and say ‘what is this’? we want to put things into categories, and we awnt to relate fossil diversity to modern diversity. explain the mystery behind their taxonomic affinity. 
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Modern groups that create structures 
that could potentially fossilize 

• Dinoflagellate cysts 

• Prasinophyte green algae 
reproductive structures called 
phycomata 

• Green algal resting cysts 

• Animal (metazoan) diapause / 
resting eggs 

© sources unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. 6
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FOSSILS FROM 760-635 Ma NAMIBIAN CARBONATES 

Courtesy of the authors. License: AOSIS OpenJournals. CC-BY. 

ource: Prave, A. R., et al. "The First Animals: Ca. 760-million-year-old
ponge-like Fossils from Namibia." S Afr J Sci 108, no. 1/2 (2012).
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http://diertjevandedag.classy.be/eenvoudige%20dieren/plakdiertjes.htm 

Courtesy of Nature Publishing Group. CC-BY-NC-SA. Photograph by Ana Signorovitch © Yale University. All rights reserved. This

Source: Srivastava, M., et al. "The Trichoplax Genome and the Nature content is excluded from our Creative Commons license. For more
of Placozoans." Nature 454, no. 7207 (2008): 955-60. information, see http://ocw.mit.edu/help/faq-fair-use/.
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http://en.wikipedia.org/wiki/Hydra_%28genus%29 

Courtesy of Stephen Friedt. Used with permission.
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30 µm 
Courtesy of NOAA Photo Library on flickr. CC-BY. Courtesy of Geological Society of America. Used with permission.

Source: Bosak, T., et al. "Putative Cryogenian ciliates from

Mongolia." Geology 39, no. 12 (2011): 1123-26.
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http://www.coexploration.org/bbsr/coral/assets/images/acetabularia.jpg 

© sources unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Courtesy of Absolutecaliber on wikipedia. Photograph in the public domain.
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Courtesy of Naples Sea Shell Company. Used with permission.
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http://www.leeds.ac.uk/ruskinrocks/Geology%20pictures%20and%20files/Tabulate%20coral.jpg 

Courtesy of Mark A. Wilson.  Photograph in the public domain.
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http://reefguide.org/carib/pixhtml/crustosecorallinealgae1.html 

Courtesy of Florent Charpin. Used with permission.
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Courtesy of Phoebe Cohen. Used with permission.
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(Porter 2011) 

Courtesy of Phoebe Cohen. CC-BY-NC-SA.

© The Paleontological Society.  All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Porter, Susannah M. "Halkieriids in Middle Cambrian Phosphatic Limestones
from Australia." Journal of Paleontology 78, no. 3 (2004).
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FOSSILIZED REPRESENTATIVES OF ROBUST TAXA 
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© Andy Knoll & Laura Katz. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
 Source: Parfrey, L.W. et al. "Estimating the Timing of Early Eukaryotic Diversification with Multigene
Molecular Clocks." Proceedings of the National Academy of Sciences 108, no. 33 (2011): 13624-9.
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© source unknown. All rights reserved. This content is excluded from our Creative
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“Snowball Earth” 

 

© Pearson Education, Inc., publishing as Addison Wesley. All rights reserved. This content is excluded

rom our Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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why is this interesting? it’s potentailly the biggest change in the earth sustem in the last 3 billion years and it indicates that life is pretty stable on a planet - once it’s going , it might take a LOT to change it - also potentially an analog for ICy Moons where life exists under the ice. 
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Q: what is our first 
‘non-molecular fossil’ 
evidence of animals? 

A: it’s complicated... 
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Yin et al. 
2007 

Yuan et al. 2011 

Porter et al. 
2003 

Allison et al. 1986 

Butterfield et al. 
1990 

Butterfield, 2004 

Butterfield et 
al.1994 

~ 1200 

Xiao et al.  
2002 

3 mm 

MORPHOLOGICALLY MODERN EUKARYOTES 

© sources unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Complex 
Multicellularity 

• Requires cell-cell communication 

• Adhesion 

• Soma and germ cells 

• Differentiation 
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Why do it? 

• Access resources better 

• Predation / consumption 

• Protection from predation 
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© Keith Davey. All rights reserved. This content is excluded from our Creative Commons
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Who did it first? 

Courtesy of Nature Publishing Group. Used with permission. Source: King, N. M., et al. "The Genome of the

Choanoflagellate Monosiga Brevicollis and the Origin of Metazoans." Nature 451, no. 7180 (2008): 783-8.
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http://kinglab.berkeley.edu
 Courtesy of Nicole King. Used with permission.
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RELATIVES Recent studies suggest that choanoflagellates are cousins to all animals in the same way that chimpanzees are cousins to humans. From left, a choanoflagellate colony, feeding cells of sponges that resemble choanoflagellates and a choanoflagellate with its long flagellum and collar of filaments. There can be millions of choanoflagellates in a gallon of sea water. The Colonies are related to each other. and induced by certian chemicals. 
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Courtesy of Nature Publishing Group. Used with permission. Source: King, N. M., et al. "The Genome of the

Choanoflagellate Monosiga Brevicollis and the Origin of Metazoans." Nature 451, no. 7180 (2008): 783-8. 28
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M. brevicollis possesses diverse adhesion and ECM domains previously thought to be unique to metazoans (magenta). In contrast, many metazoan sequence-specific transcription factors are absent from the M. brevicollis gene catalogue.
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Modern ~ 580 Million years old 

Scale bar: 200μm Scale bar: 100μm 
Courtesy of the authors and the National Academy of Sciences. Used with permission. Source: Cohen, P. A., et al. "Large Spinose Microfossils

in Ediacaran Rocks as Resting Stages of Early Animals." Proceedings of the National Academy of Sciences 106, no. 16 (2009): 6519-24.

Cohen et al. 2009 
29

Presenter
Presentation Notes
convince you that the resemblance here is not simply superficial
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Radiation of large 
spiny organic walled 
microfossils in the 
Ediacaran 

Cohen et al. 2009 
Courtesy of the authors and the National Academy of Sciences. Used with permission. Source: Cohen, P. A., et al.

"Large Spinose Microfossils in Ediacaran Rocks as Resting Stages of Early Animals." Proceedings of the

National Academy of Sciences 106, no. 16 (2009): 6519-24. 30
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here we have an overview of the ediacaran, from the marinoan glaciation at the bottom to the lower cambrian at the top. the purple line is a summary of carbon isotopic variation during this time period. what i’m going to focus on today is the yellow bar in the middle, which represents the range and diversity trends in large spiny ediacaran microfossilsand temporally heterogeneous anoxic and sulfidic conditions in the ediacaran. 
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dinoflagellate prasinophyte other greens metazoans s s 

size 

external 
morphology 

ultrastructure 

internal 
contents 

Photograph of dinoflagellates courtesy of Marc Perkins on flickr. CC-BY-NC.

Photograph of prasinophytes courtesy of Naja Voers on EOL. CC-BY-NC.
Photograph of other greens courtesy of Proyecto Agua on flickr. CC-BY-NC-SA.
Photograph of metazoans courtesy of Dhzanette on wikipedia. Photograph is
in the public domain.
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4 features that we can use to compare these 4 modern candidates

ONLY GROUP with no inconsistancies are the animals!!
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dinoflagellates  
(plankton) 

prasinophyte 
green algae 

resting stages 
of other 
greens 

animal egg 
casings 

Copepod Acartia steuri, Onoue 
et al 2004 

Halosphaera dubii 
R. Kodner 

Cosmarium zygospore, Image: 
Peter Coesel Dinocyst, photo: MIRACLE 

Modern Candidate Groups: Examples of Morphology 

25 μm 100 μm 15 μm 50 μm 

Courtesy of Robin Kodner. Courtesy of Peter Coesel. © Kluwer Academic Publishers. All rights reserved.Courtesy of University College London.
Used with permission. Used with permission. Used with permission. This content is excluded from our Creative

 
Commons license. For more information, see

http://ocw.mit.edu/help/faq-fair-use/. Source:

Onoue, Y., et al. "Morphological Features and

Hatching Patterns of Eggs in Acartia Steueri

(Crustacea, Copepoda) from Sagami Bay, Japan."

Hydrobiologia 511, no. 1-3 (2004): 17-25.
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in terms of external morphology, the dinoflagellates are consitent, though no known LSEM taxa display the distinctive dinocyst excystment structures or show evidence of tabulated surfaces. no known prasinophyte taxa have the complex external morphologies seen in LSEM taxa, so they aren’t great candidates. zygospores of modern greens such as chlorococales have similar morphologies, though as we just saw, they are an order of magnitude smaller than most LSEMS. within the metazoans, there are a number of groups that make recalcitrant cysts with morphologies highly similar to LSEM fossils, here we have a marine copepod diapause cyst and the egg hull of a chiton. 
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Ultrastructure: Fossil vs Animal Resting Stage 

Cohen et al. 2009 

Courtesy of the authors and the National Academy of Sciences. Used with permission. Source: Cohen, P. A., et al.

"Large Spinose Microfossils in Ediacaran Rocks as Resting Stages of Early Animals." Proceedings of the

National Academy of Sciences 106, no. 16 (2009): 6519-24.
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set it up “so what about prasinophytes”
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Prasinophytes in the Ediacaran fossil record 

Tasmanites sp., Aurori et al 2000 

Halosphaera sp. phycoma B: TEM of phycoma  

50 μm 1 μm 

© sources unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. 34
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More early fossil evidence of animals 
- Doushantuo Fm phosphatized 

embryos 

Xiao et al Nature Yin et al Nature 
Courtesy of Nature Publishing Group. Used with permission. Source: Xiao, S., et al. Courtesy of Nature Publishing Group. Used with permission.
"Three-dimensional Preservation of Algae and Animal Embryos in a Neoproterozoic Source: Yin, L., et al. "Doushantuo Embryos Preserved Inside Diapause Egg
Phosphorite." Nature 391, no. 6667 (1998): 553-8. Cysts." Nature 446, no. 7136 (2007): 661-3.
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Images courtesy The Ernst Mayr Library on flickr. CC-BY-NC-SA.
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Ectoderm

Mesoderm

Endoderm

Acoelomate Pseudocoelomate Coelomate

Image by MIT OpenCourseWare.
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Courtesy of Phoebe Cohen. Used with permission.
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Enigmatic Ediacaran Fauna 

Globally distributed 
from ca 570 Ma - 

Cambrian boundary 

Zhu et al 2008 

Charnia, Laflamme & Narbonne 2008 

Courtesy of Geological Society of America. Used with permission. Zhu, M., et al.
"Eight-armed Ediacara Fossil Preserved in Contrasting Taphonomic Windows

from China and Australia." Geology 36, no. 11 (2008): 867-70. 

Courtesy of Elsevier B. V. Used with permission. Source: Laflamme, M., and G. M. Narbonne.
"Ediacaran Fronds." Palaeogeography, Palaeoclimatology, Palaeoecology 258, no. 3 (2008): 162-79.
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Courtesy of Phoebe Cohen. Used with permission.

http://www.flickr.com/photos/61099893@N03


 

41
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Courtesy of Phoebe Cohen. Used with permission.

http://www.flickr.com/photos/61099893@N03


 

Courtesy of Phoebe Cohen on flickr. CC-BY-NC-SA.

The clusters of similarly sized individuals of Funisia are strongly suggestive of “spats,” huge 
numbers of offspring an organism gives birth to at once. Besides producing spats, the 
individual tubular organisms reproduced by budding, and grew by adding bits to their tips. 
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Courtesy of Phoebe Cohen. Used with permission.
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Courtesy of Phoebe Cohen. Used with permission.
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Courtesy of Phoebe Cohen. Used with permission.
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http://vft.asu.edu/VFTNilpenaH5/panos/np1h5main/np1h5main.html 
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Courtesy of Elsevier Ltd. Used with permission. Source: Xiao, S. and M. Laflamme. "On the Eve of Animal Radiation:
Phylogeny, Ecology and Evolution of the Ediacara Biota." Trends in Ecology & Evolution 24, no. 1 (2009): 31-40. 50
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© Blackwell Publishing Ltd. All rights reserved. This content is excluded fromour Creative Commons license. For
more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Sperling, E. A., et al. "Rangeomorphs,
Thectardis (Porifera?) and Dissolved Organic Carbon in the Ediacaran Oceans." Geobiology 9, no. 1 (2011): 24-33.
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© Blackwell Publishing Ltd. All rights reserved. This content is excluded fromour Creative Commons license. For
more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Sperling, E. A., et al. "Rangeomorphs,
Thectardis (Porifera?) and Dissolved Organic Carbon in the Ediacaran Oceans." Geobiology 9, no. 1 (2011): 24-33.

For a perfectly coni- cal sponge, the length (height) should be 􏰀􏰀1.6 times the width (diameter of oscula) in order to maintain an oscular area greater than the area of the com- bined incurrent pores. 
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© Wiley Periodicals, Inc. All rights reserved. This content is excluded from our Creative Commons license. For more information,

see http://ocw.mit.edu/help/faq-fair-use/. Source: Sperling, E.A. and J. Vinther. "A Placozoan Affinity for Dickinsonia and
the Evolution of Late Proterozoic Metazoan Feeding Modes." Evolution & Development 12, no. 2 (2010): 201-9. 53
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Courtesy of Nature Publishing Group. Used with permission. Source: Fedonkin, M.A., and B. M. Waggoner. "The Late
Precambrian Fossil Kimberella is a Mollusc-like Bilaterian Organism." Nature 388, no. 6645 (1997): 868-71.
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Modern Kimberella analog – 
chiton, a mollusk 

Courtesy of Jerry Kirkhart on flickr. CC-BY.
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Namacalathus – early calcified 
animal, sponge-like 

Courtesy of Chris Rowan. Used with permission.

Courtesy of Cetomedes on wikipedia. Used with permission.
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Cloudina – early calcified 
animal, cnidarian-like 

Hua et al 2003 

© Society for Sedimentary Geology. All rights reserved. This content is excluded from our Creative Commons license. For

more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Hua, H., et al. "Borings in Cloudina Shells: Complex

Predator-prey Dynamics in the Terminal Neoproterozoic." Palaios 18, no. 4-5 (2003): 454-9. 57
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What actually defines the 
Cambrian Boundary?  

• Trace fossils – tracks / trails of the first bilaterian 
(front-back) animals - Trichophycus pedum 

• Type section at Fortune Head, Newfoundland 

Courtesy of Geological Society of America. Used with permission. Source: Vannier, J., et al. "Priapulid Worms:
Pioneer Horizontal Burrowers at the Precambrian-Cambrian Boundary." Geology 38, no. 8 (2010): 711-4.
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early cambrian 
faunas 
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© Society for Sedimentary Geology. All rights reserved. This content is excluded from our Creative Commons license. For

more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Valentine, J. W. "Why no New Phyla after the
Cambrian? Genome and Ecospace Hypotheses Revisited." Palaios (1995): 190-4.
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Courtesy of Phoebe Cohen. CC-BY-NC-SA.

© The Paleontological Society. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Porter, Susannah M. "Halkieriids in Middle Cambrian Phosphatic Limestones
from Australia." Journal of Paleontology 78, no. 3 (2004).
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© The Paleontological Society. All rights reserved. This content is excluded from our Creative Commons license. For more information, see
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Lower  Cambrian of South Australia 
Courtesy of the Geological Society of America. Used with permission. Source: Skovsted, C. B., et al. "The Scleritome of Eccentrotheca from the
Lower Cambrian of  South Australia: Lophophorate Affinities and Implications for Tommotiid Phylogeny." Geology 36, no. 2 (2008): 171-4. 63

http://dx.doi.org/10.1130/G24385A.1
http://dx.doi.org/10.1130/G24385A.1


 

Courtesy of the Geological Society of America. Used with permission. Source: Skovsted, C. B., et al. "The Scleritome of Eccentrotheca from the
Lower Cambrian of  South Australia: Lophophorate Affinities and Implications for Tommotiid Phylogeny." Geology 36, no. 2 (2008): 171-4.

Photographs © sources unknown. All rights reserved. This content is excluded from our Creative Commons

license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. 64

http://dx.doi.org/10.1130/G24385A.1
http://dx.doi.org/10.1130/G24385A.1
http://ocw.mit.edu/help/faq-fair-use/


© The Palaeontological Association. All rights reserved. This content is excluded from our Creative Commons license. For more

information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Murdock, D. J. E., et al. "Ontogeny and Microstructure of the
Enigmatic Cambrian Tommotiid Sunnaginia Missarzhevsky, 1969." Palaeontology 55, no. 3 (2012): 661-76.

65

http://dx.doi.org/10.1111/j.1475-4983.2012.01131.x
http://dx.doi.org/10.1111/j.1475-4983.2012.01131.x
http://ocw.mit.edu/help/faq-fair-use/


66

© The Palaeontological Association. All rights reserved. This content is excluded from our Creative Commons license. For more

information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Murdock, D. J. E., et al. "Ontogeny and Microstructure of the
Enigmatic Cambrian Tommotiid Sunnaginia Missarzhevsky, 1969." Palaeontology 55, no. 3 (2012): 661-76.

http://ocw.mit.edu/help/faq-fair-use/
http://dx.doi.org/10.1111/j.1475-4983.2012.01131.x
http://dx.doi.org/10.1111/j.1475-4983.2012.01131.x


© The Geological Society of London. All rights reserved. This content is excluded from our Creative Commons license. For more information,

see http://ocw.mit.edu/help/faq-fair-use/. Source: Zhang, X. et al. "New Sites of Chengjiang Fossils: Crucial Windows on the
Cambrian Explosion." Journal of the Geological Society 158, no. 2 (2001): 211-8.

67

http://dx.doi.org/10.1144/jgs.158.2.211
http://dx.doi.org/10.1144/jgs.158.2.211
http://ocw.mit.edu/help/faq-fair-use/


Courtesy of the Geological Society of America. Used with permission. Source: Butterfield, N. J., and T. H. P. Harvey.
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Courtesy of Nature Publishing Group. Used with permission. Source: Shu, D-G., et al. "Primitive Deuterostomes from the
Chengjiang Lagerstätte (Lower Cambrian, China)." Nature 414, no. 6862 (2001): 419-24.
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Burgess Shale Fauna 

Courtesy of Eduard Sola Vazquez. CC-BY.
Photgraph is by Charles D. Walcott and is in the public domain.
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Cambrian Radiation 
& its Causes 

• What causes complexity? 

• Environment - oxygen / hydrogen 
sulfide 

• Genomic requirements 

• Ecological interactions / predation 
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why does this 
lag exist?  
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Redox 

• Animals require oxygen in varying 
amounts 

• H2S is toxic to pretty much all animals, 
algae, etc - shuts down cellular 
respiration by complexing w/ iron in 
mitochondria (ouch) 
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Ediacaran/Cambrian Rise in Oxygen (sometimes) 
Redox sensitive metals show a change in the late 
Ediacaran 

Scott et al. 2008 
Courtesy of Nature Publishing Group. Used with permission. Source: Scott, C., et al. "Tracing the Stepwise
Oxygenation of the Proterozoic Ocean." Nature 452, no. 7186 (2008): 456-9.
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http://dx.doi.org/10.1038/nature06811
http://dx.doi.org/10.1038/nature06811


Ediacaran/Cambrian Rise in Oxygen (sometimes) 

Scott et al. 2008 

Euxinia 
(no O2, lots of H2S) Mo 

Less Oxygen More Oxygen 

Courtesy of Nature Publishing Group. Used with permission. Source: Scott, C., et al. "Tracing the Stepwise
Oxygenation of the Proterozoic Ocean." Nature 452, no. 7186 (2008): 456-9.
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fewer euxinic shales to sequester the Mo, shales we do find have it all
so let’s summarize what we’ve learned here so far
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Test Site: Kelt’ma -1 
drillcore (modern day 
Russia) 

 Vorob’eva et al., 2009 

Expect changes in the 
distribution of fossils in the 
Ediacaran relative to 
proxies for oxygenation  
 
i.e. LOEM’s in lower 
oxygen settings, and 
macroscopic organisms in 
higher oxygen settings 

0.05 cm 

microscopic 

Changing Redox conditions: Testing 
the Hypothesis macroscopic 

Courtesy of Phoebe Cohen. CC-BY-NC. 
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Eastern European Platform 

Johnston et al. in prep 

© Elsevier B. V. All rights reserved. This content is excluded from our Creative Commons license. For more information, see
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MAJOR Challenge 

Lee R. Kump 

Courtesy of Nature Publishing Group. Used with permission. Source: Kump, L. R. "The Rise of Atmospheric Oxygen." Nature 451, no. 7176 (2008): 277-8.
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Courtesy of the National Academy of Sciences. Used with permission. Source: Vaquer-Sunyer, Raquel, and Carlos M. Duarte.
"Thresholds of Hypoxia for Marine Biodiversity." Proceedings of the National Academy of Sciences 105, no. 40 (2008): 15452-7.
Copyright (2008) National Academy of Sciences, U.S.A.
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Courtesy of Nature Publishing Group. Used with permission. Source: King, N. M., et al. "The Genome of the

Choanoflagellate Monosiga Brevicollis and the Origin of Metazoans." Nature 451, no. 7180 (2008): 783-8.

87

http://dx.doi.org/10.1038/nature06617
http://dx.doi.org/10.1038/nature06617


© Annual Reviews. All rights reserved. This content is excluded from our Creative Commons license. For more

information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Marshall, C. R. "Explaining the Cambrian
“Explosion” of Animals." Annu. Rev. Earth Planet. Sci. 34 (2006): 355-84. 88

http://dx.doi.org/10.1146/annurev.earth.33.031504.103001
http://dx.doi.org/10.1146/annurev.earth.33.031504.103001
http://ocw.mit.edu/help/faq-fair-use/


 

© American Association for the Advancement of Science. All rights reserved. This content is excluded from our Creative Commons

license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Erwin, D. H., et al. "The Cambrian Conundrum:

Early Divergence and Later Ecological Success in the Early History of Animals." Science 334, no. 6059 (2011): 1091-7. 89

http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1126/science.1206375
http://ocw.mit.edu/help/faq-fair-use/


 

© American Association for the Advancement of Science. All rights reserved. This content is excluded from our Creative Commons

license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Erwin, D. H., et al. "The Cambrian Conundrum:

Early Divergence and Later Ecological Success in the Early History of Animals." Science 334, no. 6059 (2011): 1091-7.
90

http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1126/science.1206375
http://ocw.mit.edu/help/faq-fair-use/


 

© American Association for the Advancement of Science. All rights reserved. This content is excluded from our Creative Commons

license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Erwin, D. H., et al. "The Cambrian Conundrum:

Early Divergence and Later Ecological Success in the Early History of Animals." Science 334, no. 6059 (2011): 1091-7. 91

http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1126/science.1206375
http://ocw.mit.edu/help/faq-fair-use/


 

© American Association for the Advancement of Science. All rights reserved. This content is excluded from our Creative Commons

license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Erwin, D. H., et al. "The Cambrian Conundrum:

Early Divergence and Later Ecological Success in the Early History of Animals." Science 334, no. 6059 (2011): 1091-7. 92

http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1126/science.1206375
http://ocw.mit.edu/help/faq-fair-use/


© Annual Reviews. All rights reserved. This content is excluded from our Creative Commons license. For more

information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Marshall, C. R. "Explaining the Cambrian
“Explosion” of Animals." Annu. Rev. Earth Planet. Sci. 34 (2006): 355-84.

93

Presenter
Presentation Notes
Roughening of a fitness landscape. (a) Cartoons of two-dimensional slices (the x-y planes) through hypothetical, high-dimensional morphospaces (the third dimension, the z-axis, is used to designate the fitness of each morphology). The number of peaks is a function of the number of needs the morphologies must satisfy. In the case of Niklas’ computer simulation of plants, based on a six-dimensional morphogenetic space, the roughness rises from 1–3 peaks to 20 as the number of needs rise from 1 to 4. (b) Morphologies produced by Niklas’ computer simulations (from Niklas 2004). Upper row: The three locally optimal morphologies when only one need must be met, the minimizing of mechanical failure (breakage) of the branches. Lower row: The 20 local optima when fitness is based on four needs: reproductive success, light interception, resistance to mechanical failure, and minimizing desiccation (see text). Each morphology is arbitrarily assigned a peak in the corresponding fitness landscape in (a).
(c) Using Niklas’ analysis as an analogy for the Cambrian explosion, three representative Ediacaran morphologies and 20 representative Cambrian morphologies of triploblastic animals from the Chengjiang and Burgess Shale biotas are shown. Drawings by Samar Bush, modified from Briggs et al. (1994) and Hou et al. (2004).
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Role of Predation 
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A Perfect Storm 

• Changing Redox Conditions  

• Genetic innovation 

• Changing ecological landscapes 
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Complexity is not 
limited to the animals! 

Knoll 2011 Annual Reviews 
© Annual Reviews. All rights reserved. This content is excluded from our Creative Commons license. For

more information,see http://ocw.mit.edu/help/faq-fair-use/. Source: Knoll, A.H. "The Multiple Origins of
Complex Multicellularity." Annual  Review of Earth and Planetary Sciences 39 (2011): 217-39.
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What really changed? 

Pruss et al. 2010 

© Society for Sedimentary Geology. All rights reserved. This content is excluded from our Creative Commons license.
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Ordovician Radiation 

Pruss et al. 2010 

© Society for Sedimentary Geology. All rights reserved. This content is excluded from our Creative Commons license.

For more information, see http://ocw.mit.edu/help/faq-fair-use/. Source: Pruss, S. B., et al. "Carbonates in Skeleton-
poor Seas: New Insights from Cambrian and Ordovician Strata of Laurentia." Palaios 25, no. 2 (2010): 73-84.
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Genus-level diversity curves based on Sepkoski's compendium [thin line (5)] and our new data (thick line). Counts are of marine metazoan genera crossing boundaries between temporal bins 
(boundary crossers) and exclude tetrapods. Ranges are pulled forward from first fossil appearances to the Recent, instead of ending at the last known fossil appearance. Extant genera are 
systematically marked as such based on Sepkoski's compendium and the primary literature. There is no correction for sampling, and genera are assumed to be sampled everywhere within their 
ranges because Sepkoski's traditional synoptic data (5) do not record occurrences within individual collections. 

© American Association for the Advancement of Science. All rights reserved.This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. Alroy, J. et al. "Phanerozoic Trends in the Global
Diversity of Marine Invertebrates." Science 321, no. 5885 (2008): 97-100.
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Genus-level diversity of both extant and extinct marine invertebrates (metazoans less tetrapods) during the Phanerozoic, based on a sampling-standardized analysis of the Paleobiology 
Database. Points represent 48 temporal bins defined to be of roughly equal length (averaging 11 My) by grouping short geological stages when necessary. Vertical lines show the 95% 
confidence intervals based on Chernoff bounds, which are always conservative regardless of the number of genera that could be sampled or variation in their sampling probabilities (18). Data 
are standardized by repeatedly drawing collections from a randomly generated set of 65 publications until a quota of 16,200 specimens has been recovered in each bin.  
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Courtesy of the authors and the National Academies and Sciences. Used with permission. Source: Payne, J. L., et al.
"Two-phase Increase in the Maximum Size of Life over 3.5 billion years Reflects Biological Innovation and
Environmental Opportunity." Proceedings of the National Academy of Sciences 106, no. 1 (2009): 24-7.
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fossil timeline 
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The last 543 million 
years (yawn) 
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