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The purpose of this short publication is to make more widely 

available the lecture notes and other handouts used for the short 

course. The published version is modified i n a n u mber of way s, 

most notably 

ill ustrati ve 

the exclusion of so rne of the figures and other 

material. Nevertheless, it is o u r hope that thi s 

publication will pr ovide easy access to the tapies covered in the 

short course, and so by implication t hose ar eas that we believe 

are of special interest or value in making the science of 

palaeontology a continuing success in its own right and an 

important contributor to our understanding of natural sciences as 

a whole. It will be clear that there are many other tapies that 

could have been covered, and e ven with these notes we would not 

wish to make any claim that the are as are dealt with in 

exhaustive detail. 

We hope the success of the short cou r se is reflected to sorne 

extent in these notes, and if they act as a guide or spur to 

those who were not able to attend, then their purpose will have 

been ampl y filled. 
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P ART 1: MOLECULAR EVOUJTION 

Tite molecules of life 
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In geological materials (minerals) covalent bonds extend in two or 

three dimensions (mica or quartz). In biological molecules, covalent bonds 

form the backbones of linear polymers and the bonds in other directions are 

weak. This explains the softness and flexibility of most biological materials. 

There are four common kinds of linear polymers: 

• polypeptides (proteins) - linear polymers of amino acids 

• polynucleotides (RNA and DNA) -linear polymers of nucleotides 

• polysaccharides (carbohydrates) -linear polymers of sugars 

• lipids - linear po!ymers of hydrocarbons 

Linear polymers store information in a digital fashion. For example, 

the cadang-cadang coconut viroid genome consists of 246 DNA nucleotides, 

each being in one of four possible states (A, G, C or T) . It therefore represents 

984 "bits" of information and, theoretically, could code for 82 amino acids in 

each of six reading frames . 

1 CTGGGGAAAT CT ACAGGG CA CCCCAAAAAC CACTGCAGGA GAGGCCGCTT GAGGGATCC C 

61 CGGGGAAACC TCAAG CGAAT CTGGGAAGGG AGCGTACCTG GGTCGATCGT GCGCGTTGGA 

121 GGAGACTCCT TCGTAGCTTC GACGCCCGGC CGCCCCTCCT CGACCGCTTG GGAGACTACC 

181 CGG TGG ATA C AACTCAC GCG GCTCTT ACCT GTTGTTAGTA AAAAAAGGTG TCCCTTTGTA 

241 GCCCCT 

LGK STGHPKN HCRRGRLRDP RGNLKRIWEG SVPGSIVRVG GDSFVASTPG RPSSTAWETT 

61 RWIQLTRLLP VVSKKRCPFV AP (READING FRAME 1) 

Instituto Juan March (Madrid)



12 

Molecular evolution 

The family of proteins that includes the light-harvesting molecules 

called rhodopsins provides a stra ight-forward example of the way sequence 

information from proteins may be used for phylogenetic purposes. 

Rhodopsins have a secondary structure that is characteristic of many 

membrane proteins: all members of the fam ily consis t of seven lengths of 

aipha-helix connected by unstructured loops. Rhodopsins are ancient proteins 

which appear to have evolved in the Archean because similar molecules are 

found in the archaebacterium, Ha/obacteríum halobíum, various kinds of 

animals, and possibly a green alg¡1. Rhodopsin sequences from archaebacteria, 

man (Ho rn o), mouse (Mus), ox (Bos), sheep (Ov ís), chicken (Gal/us), lamprey 

(Lampetra), fruit-fl y (Drosophíla), squid (Lolígo), and Octopus are available for 

analysis . This normally involves aligning the sequences, editing out regions 

where the aligments are ambiguous, translating from DNA or RNA to 

protein (or vice versa), removing third-position nucleotides, distinguishing 

transitions from transversions, constructing unrooted or rooted trees using 

parsimony or distance algorithms, and testing the trees for statistical 

significance by bootstrapping and other non-parametric methods. 

Gene duplications complicate matters. Many genes belong to 

multigene families that are derived by successive duplications from a 

common source gene. For example, the human red, green and blue visual 

pigments are protein cousins of rhodopsin that share all of the basic 

properties and many of the same amino acid residues. In the case of these 

ligh t-sensing proteins it is clear from sequence comparisons alone that the red 

and green pigments of the human eye are the result of a recent gene 

dupli ca tion event (they are only 4% different in amino acid sequence). In 
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contrast, the blue protein is approximately 60% different from the red and 

green proteins and all three are about 60% different from human rhodopsin . 

It is therefore necessary to know the his tory of any multigene family in order 

to avoid comparing paralogous genes rather than homologous ones. 

Globins (haemoglobins and myoglobins) are the oxygen-transporting 

molecules of blood and muscle. The sequence (order and kind) of the amino 

acids is known as the primary structure of the protein. The globin molecule 

resembles a framework constructed from unequal lengths of pipe joined by 

U-pieces . The pipe-like parts are lengths of alpha-helix. As most of the 

haemoglobin molecule has this kind of structure, there are few constraints on 

the nature of many of the 140 or so amino acid residues. The "works" of the 

globin (the part that reversibly binds oxygen) is an iron-porphyrin complex 

not very different from the magnesium-porphyrin complex of the 

chlorophylls. Because the segments of alpha-helix (the secondary structure) 

are unequal in length, the protein "box" (the tertiary structure) is quite 

irregular in shape. The same irregular structure is present in globins from 

vertebrates, an annelid, a mollusc, an insect, and the root nodules of a legume 

plant. This is good evidence that all globins are are monophyletic. Myoglobins 

consist of a single 140-amino acid subunit. Haemoglobins may be composed of 

one, two, four, or many 140-amino acid subunits. 

In all living vertebrates except the jawless fish, hemoglobin is a four

part molecule (tetramer) formed of two pairs of distantly related globins called 

the a and ~ subunits. The primordial alpha and beta haemoglobins were 

produced by a pair of identical genes that resulted from a duplication in the 

line leading from the jawless fish to all other vertebrates . This event 

Instituto Juan March (Madrid)



14 

postdated the origin of the jawless fish in the late Cambrian or Ordovician, 

and it predated the evolution of other fish in the Silurian. It is therefore 

possible to use the fossil record of primitive vertebrates to date the gene 

duplication event. Once the duplication had occurred the a and ~ genes began 

to evolve independently. As a result, it is necessary to distinguish between 

the histories of genes and the histories of organisms when using molecules 

like the rhodopsins and the globins for phylogenetic purposes. 

Dickerson, R.E. and Geis, l. 1983. Hemoglobin: Structure, Function , Evolution 

and Pathology. Benjamin and Cummings, Menlo Park, 176 pp. 

Fryxell, K.J. and Meyerowitz, E.M. 1991. The evolution of rhodopsins and 

neurotransmitter receptors. fournal of Molecular Evolution 33, 367-378. 

Nathans, J., Thomas, D. and Hogness, D.S. 1986. Molecular genetics of human 

color vision: the genes encoding blue, green and red pigments. Science 

232, 193-202. 

The polymerase chain reac"tion (PCR) 

The introduction of PCR in 1985 has transformed molecular biology 

and has made molecular palaeontology, molecular archaeology, and 

molecular forensic science into rapidly developing fields. PCR works by 

amplifying DNA sequences between conserved or previously sequenced 

regions. It is a specific probe for a particular part of the genome and it may, in 

principie, be used to detected and amplify DNA from a single ce!!. 

Erlich, H.A., Gelfand, D. and Sninsky, J.J. 1991. Recent advances in the 

polymerase chain reaction. Science 252, 1643-1651. 
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P ART 2: MOLECULAR EVIDENCE FOR THE HlSTORY OF LIFE 

Life on Earth probably originated during the final stages of the heavy 

bombardment of the inner solar system (3.5 to 4.0 Ga ago). As the flux of 

objects hitting the Earth declined, a point was reached where the planet could 

be continuously inhabited. Even so, occasional energetic impacts may have 

boiled parts of the oceans, with the result that thermophilic microorganisms 

would have had the best chance of surviving. Thus, one useful current 

speculation is that the last common ancestor of modern life was an extreme 

thermophile . 

Fo!lowing early ideas of Al. Oparin and J.B.S. Haldane, anda classic 

experiment of Stanley L. Miller, it is now general! y accepted that life 

originated spontaneously on Earth from precursor organic molecules which 

were synthesised abiotically. These are not preserved, but it is assumed that 

fresh carbonaceous meteorites (e.g., Murchison which fell in Victoria, 

Australia, on the 28th September, 1969) contain compounds like those 

delivered to Earth by early impacts. Other organic molecules were synthesized 

in the atmosphere by impact shocks, ultraviolet light and electrical discharges. 

These processes may be simulated in the laboratory. 

Bada, J.L. 1991. Amino acid cosmochemistry. Philosophical Transactions of 

the Royal Society of London B 333, 349-358. 

Chyba, C. and Sagan, C. 1992. Endogenous production, exogenous delivery 

and impact-shock synthesis of organic molecules: an inventory for the 

origins of life. Nature 355, 125-132. 
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Miller, S.L. 1992. The prebiotic synthesis of organic compounds as a step 

toward the origin of life. Majar Events in the History of LiJe, J.W. 

Schopf (ed.), Jones and Bartlett, Boston, Massachusetts, pp. 1-28. 

Sleep, N .H., Zahnle, K.J., Kasting, J.F., Morowitz, H.J. 1989. Annihilation of 

ecosystems by large asteroid impacts on the early Earth. Nature 342, 139-

142. 

The first cells 

It is not known how life originated on Earth, whether or not there 

were multiple origins of life, nor is it known what the first cells looked like. 

The recent discovery of catalytic RNAs has shifted attention away from 

proteins as the original components of living systems. In the "RNA World" 

RNA stored information and also built structures. These functions are now 

generally divided between DNA and proteins, respectively. 

Cavalier-Smith, T. 1987. The origin of cells: a symbiosis between genes, 

catalysts and membranes. Cold Spring Harbar Symposium on 

Quantitative Biology 52, 805-824. 

Bacteria[ evolution 

Woese et al. used 16S and 18S ribosomal RNA (rRNA or rDNA) 

sequences to determine the relationships of microorganisms. Their unrooted 

tree has three main branches: Eubacteria, Archaebacteria and Eukaryota 

(renamed recently the Bacteria, Archaea and Eucarya) . 

Pace, N.R., Olsen, G.J. and Woese, C.R. 1986. Ribosomal RNA phylogeny and 

the primary lines of evolutionary descent. Cell 45, 325-326. 
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Woese, C. R. 1987. Bacteria! evolution. Microbiological Reviews 51, 221-271. 

Woese, C.R. , Kandler, O. and Wheelis, M.L. 1990. Towards a natural system of 

organisms: propasa! for the domains Archaea, Bacteria and Eucarya. 

Proceedings of the Nationa/ Academy of Sciences U.S.A . 87, 4576-4579. 

Rooting the Woese tree in the eubacterial branch has been possible 

because sorne conserved genes were duplicated prior to the existence of the 

last common ancestor of al! living organisms. Trees constructed from 

unambiguously aligned, conserved parts of these genes may therefore be 

rooted at the gene duplication event. When this is done, it is seen that the 

topology on one side of the tree is the same as on the other side. In particular, 

the archaebacteria group with the eukaryotes rather than with the eubacteria 

on both sides of the tree. 

Gogarten, J.P., Kibak, H ., Dittrich, P., Taiz, L., Bowman, E.J., Bowman, B.J., 

Manolson, M.F., Poole, R.J., Date, T., Oshima, T., Konishi, J., Denda, K. 

and Yoshida, M. 1989. Evolution of the vacuolar H+-ATPase: 

implications for the origin of eukaryotes. Proceedings of the National 

Academy of Sciences U.S.A . 86, 6661-6665. 

lwabe, N., Kuma, K., Hasegawa, M., Osawa, S. and Miyata, T. 1989. 

Evolutionary relationship of archaebacteria, eubacteria and eukaryotes 

inferred from phylogenetic trees of duplicated genes. Proceedings of the 

National Academy of Sciences U.S.A . 86, 9355-9359. 

Iwabe, N ., Kuma, K., Hasegawa, M. and Miyata, T. 1991. Evolution of RNA 

polymerases and branching patterns of the three major groups of 

Archaebacteria. journal of Molecular Evolution 32, 70-78. 
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Lake's view is that the Archaebacteria is nota monophyletic group. In 

his opinion, two of the three principal archaebacterial grroups, methanogens 

. (methanobacteria) and halophiles (halobacteria) form a monophyletic clade; the 

third group, known either as eocytes or the sulfobacteria, are the sister of the 

eukaryotes. New evidence suggests that this interpretation is correct. It depends 

upon the recognition of a unique 11 amino acid insert in elongation factor (EF) 

proteins which is a synapomorphy of the sulfobacteria + eukaryotes. Conserved 

regions on either side of the insert enabled the critica! part of the gene to be 

amplified by PCR from a variety of sulfobacteria. 

Lake, J.A. 1988. Origin of the eukaryotic nucleus determined by rate-invariant 

analysis of rRNA sequences. Nature 331, 184-186. 

Rivera, M.C. and Lake, J.A. submitted. EF-1u sequences suggest eocytes are the 

closest prokaryotic relatives to eukaryotes. 

Endosymbiotic origin of mitochondria and chloroplasts 

One of the great triumphs of modern molecular biology has been the 

demonstration that the chloroplasts and mitochondria of eukaryotes are 

ultimately of endosymbiotic origin. This idea was championed by Lynn 

Margulis (Origin of Eukaryotic Cel/s, 1970) using cytological evidence, but it 

was the subsequently discovered sequence similarities between chloroplast 

and bacteria! 165 rRNAs which confirmed the endosymbiont hypothesis. 

There is now equally good evidence for a distant relationship between 

mitochondria and purple bacteria, so this group of eubacteria is believed to be 

the source for the ancestral mitochondrion (or mitochondria). 

Instituto Juan March (Madrid)
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Sorne living eukaryotes, such as the diplomonad Giardia, lack 

mitochondria. It was unclear whether this condition is primitive or 

secondary until the sequence of the 165-like rRNA of Giardia became 

available . The new data indicate thaf diplomonads, microsporidians, and 

presumably most other amitochondriate protists are aerotolerant anaerobes 

which separated from the line leading to higher eukaryotes before the 

eukaryotes acquired their mitochondria. Thus the earliest eukaryotes did not 

require molecular oxygen for aerobic respiration. 

Cavalier-Smith, T. 1987. The simultaneous symbiotic origin of mitochondria, 

chloroplasts and microbodies. Annals of the New York Academy of 

Sciences 503, 55-71. 

Kabnick, K.S. & Peattie, D.A. 1991. Giardia: a missing link between 

prokaryotes and eukaryotes. American Scientist 79, 34-43. 

Schwarz, Z. and Kossel, H. 1980. The primary structure of 165 rDNA from Zea 

mays chloroplast is homologous to E. coli 165 rRNA. Nature 283, 739-

742. 

Sogin, M.L., Gunderson, J.H., Elwood, H.J., Alonso, R.A. & Peattie, D.A. 1989. 

Phylogenetic meaning of the kingdom concept: an unusual ribosomal 

RNA from Giardia /ambalia. Science 243, 75-77. 

Radiation of the eukaryotes 

Protein and rRNA sequence comparisons are being used to tease apart 

the order in which the numerous groups of living eukaryotes appeared. 

Unfortunately, the data are ambiguous because severa! major clades, 

including the animals, plants and fungi, originated at much the same time. It 

is therefore unknown whether plants, fungi, or plants + fungi constitute the 
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sister group of animals. Nevertheless, the main structure of the radiation is 

becoming clear as old misconceptions are laid to rest: the small subunit rRNA 

. tree has a series of early branches leading to the diplomonads, 

microsporidians, euglenoids + kinetoplastids, amoebae, and the slime molds; 

higher up, a nearly polychotomous set of branches leads to the metazoa, the 

red algae, the sporozoa, the higher fungi, the ciliates, the green plants, and 

severa! minor protistan groups. 

A mínimum date for this radiation of the higher eukaryotes is given by 

the discovery of a well-preserved red alga in Arctic Canada. If the preferred 

age of 1.1-1.2 Ga is approximately correct, lineages leading to red algae, fungi, 

metaphytes and metazoans might well have diverged from each other more 

than a billion years ago. 

Sequences of 165 rRNAs, DNA-dependent RNA polymerases, and the 

small and large subunits of ribulose-1,5-bisphosphate carboxylase/oxygenase 

(rubisco) show that the chloroplasts of Euglena and green plants are 

monophyletic, and should therefore have been present in the central branch 

of the unrooted tree: ((Giardia, Euglena) (Petunia, Horno)). The origin of the 

green chloroplasts is inseparable from the radiation that gave rise to the 

major groups of living cyanobacteria. It therefore probable that early 

Proterozoic eukaryotes housed green chloroplasts, which, like modem 

Euglena, used chlorophylls a and b as light-harvesting pigments. 

Bhattacharya, D., Elwood, H.J., Goff, L.J. & Sogin, M.L. 1990. Phylogeny of 

Gracilaria lemaneiformis (Rhodophyta) based on sequence analysis of 
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its small subunit ribosomal RNA coding region. Journal of Phycology 

26, 181-186. 

Butterfield, N .J., Knoll, A.H. & Swett, K. 1990. A bangiophyte red alga from 

the Proterozoic of Artcic Canada. Science 250, 104-107. 

Giovannoni, SA.J., Turner, S., Olsen, G.J., Barns, S., Lane, D.L. & Pace, N.R. 

1988. Evolutionary relationships among cyanobacteria and green 

chloroplasts. fournal of Bacteriology 170, 3584-3592. 

Hendriks, L., De Baere, R., Van de Peer, Y., Neefs, J., Goris, A. & De Wachter, 

R. 1991. The evolutionary position of the rhodophyte Porphyra 

umbi/icalis and the basidiomycete Leucosporidium scottii among other 

eukaryotes as deduced from complete sequences of small ribosomal 

subunit RNA. Journal of Molecular Evolution 32, 167-177. 

Valentin, K. & Zetsche, K. 1990. Nucleotide sequence of the gene for the large 

subunit of Rubisco from Cyanophora paradoxa - phylogenetic 

implications. Current Genetics 18, 199-202. 

Carbon isotopes 

Carbon occurs as a mixture of two stable isotopes, "light" 12C and 

"heavy" 13C (plus trace amounts of radioactive 14C). Al! common 

photosynthetic pathways discriminate against 13C, mainly in the carbon-fixing 

reaction catalyzed by the enzyme rubisco. As a result, organic matter is lighter 

than sea water carbonate (-0 %o) by about 25%o: 

813C = -25%oroB 

After burial in sediments, organic matter (kerogen) may preferentially 

lose hydrogen (measured by a decrease in H/C) as its temperature is increased. 

It may also lose 12C thereby increasing 813C. General! y speaking, kerogens 

with H/C ~ 0.2 are thought to retain their initial o13C values. The fact that 
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most kerogens with H/C ~ 0.2 líe within the ;:ange -25%o to -35%o regardless 

of their age, is evidence that photosynthesis has been operating as it does now 

for the last 3.5 Ga years (and possibly for the last 3.8 Ga). 

Exceptionally light carbon isotope ratios (813C $ -40%oros) obtained 

from organic matter from late Archaean and early Proterozoic rocks (2.1 and 

2.7 Ga old) have been interpreted as evidence for the existence, at those times, 

of eubacterial methylotrophs which were using methane produced by 

archaebacterial methanogens. 

Hayes, J. 1983. Geochemical evidence bearing on the origin of aerobiosis, a 

speculative hypothesis. Earth's Earliest Biosphere. lts Origin and 

Evolution, J.W. Schopf (ed.), Princeton University Press, Princeton, NJ, 

pp. 291-301. 

Hayes, J.M., Kaplan, I.R. and Wedeking, K.W. 1983. Precambrian organic 

geochemistry, preservation of the record. Earth's Ear/iest Biosphere. Its 

Origin and Evolution, J.W. Schopf (ed.), Princeton University Press, 

Princeton, NJ, pp. 93-134. 

Schidlowski, M. 1988. A 3,800-million-year isotopic record of life from carbon 

in sedimentary rocks. Nature 333, 313-318. 

Molecular fossils 

Until recently, it was necessary to use the stratigraphic range of 

eukaryotic microorganisms as a proxy for the history of their membrane 

lipids . For example, it is believed that the last common ancestor of allliving 

eukaryotes possessed the ability to manufacture sterols by the epoxidation of 

squalene . . 
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This logic has been short-circuited by developments in analytical 

organic geochemistry. The introduction of metastable reaction monitoring as 

a refinement of computerized gas chromatography /mass spectroscopy (GCMS) 

has led to the detection of small quantities of modified sterols (steranes) in 

rocks asoldas 1,690 Ma. Fossil compounds such as Sa(H)14a(H)17a(H)

cholestane from organic-rich shales of the MacArthur Basin, northern 

Australia, must have required free oxygen for their fabrication . They 

therefore provide direct evidence for the existence, sorne 1.7 Ga ago, of 

aerotolerant or aerobic eukaryotes and an atmosphere that contained, at the 

very least, about 0.3 x 10-3 PAL 02. 

Runnegar, B. 1991. Precambrian oxygen levels estimated from the 

biochemistry and physiology of early eukaryotes. Pa/aeogeography, 

Palaeoc/ imatology, Palaeoecology 97, 97-11. 

Summons, R. E., Powell, T. G. and Boreham, C.J. 1988. Petroleum geology and 

geochemistry of the Middle Proterozoic McArthur Basin, northern 

Australia: III. Composition of extractable hydrocarbons. Geochimica 

Cosmochimica Acta 52, 1747-1763. 

Summons, R. E. and Walter, M.R. 1990. Molecular fossils and microfossils of 

prokaryotes and protists from Proterozoic sediments. American 

]ournal of Science 290-A, 212-244. 

Molecular clocks 

The observed similarity be tween any pair of correctly aligned protein or 

nucleic acid sequences diminishes roughly in proportion to the evolutionary 

distance which separates each pair . It was this apparently regular decline in 

pairwise similarity- first observed in aligned protein sequences- which led 
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Zuckerkandl and Pauling to suggest that the rate of sequence evolution might 

be sufficiently constant for any given protein to function as a "molecular 

evolutionary dock". This fruitful idea has been applied to a variety of 

· questions in historical biology, but it has also been roundly criticised, both for 

the unsupportable assumptions upon which its is based, and for the way in 

which it performs in cases where molecular dates may be compared with 

those derived directly from the fossil record. There are also interna! tests of 

consistency which indicate that the molecular evolutionary dock is 

frequently imprecise and unreliable . Despite these shortcomings, molecular . 
estimates of time may provide information about the history of life that is not 

available in any other way. This is particularly true for the Precambrian. 

Doolittle, R.F., Anderson, K.L. and Feng, D.F. 1989. Estimating the prokaryote

eukaryote divergence time from protein sequences. The Heirachy of 

Lije, B. Fernholm, K Bremer and H. J6rnvall, (eds), Elsevier 

Biomedical Division, Amsterdam, pp. 73-85. 

Jukes, T.H. (ed.) 1987. Special issue- molecular evolutionary dock. fournal of 

Molecular Evolution 26, 1-171. 

Runnegar, B. 1991. Nudeic acid and protein clocks. Philosophical 

Transactions of the Royal Society of London B 333, 391-397. 

P ART 3: BIOCHEMICAL FOSSILS 

The four principal kinds of "biochemical" fossils are: 

• proteins trapped in bone or shell 

• DNA from mummified tissues 

• biomarkers (biological marker compounds) 

• stable isotopes of carbon, oxygen and sulphur 
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Biomarkers 

Most biomarkers are derivatives of the structural components of cell 

membranes (lipids, steroids, hopanoids) or pigment molecules such as 

chlorophyll. They are studied by organic geochemists using computerized gas 

chromatography-mass spectroscopy (GCMS), now often enhanced by 

metastable reaction moniloring (MRM) . Sorne biomarkers can be identified as 

the products of particular kinds of organisms (e.g., the dinoflagellate sterol 

"dinosterol"), but many are found throughout whole kingdoms of organisms. 

The "best" stable isotope biogeochemistry is now being done on individual 

biomarkers rather than on whole-rock kerogens. 

Proteins from bones and shells 

Broadly speaking, there seem to be two classes of proteins that 

participate in the production of mineral skeletons - those which form a 

primary structural framework and those which are attached to the framework 

in such a way as to control the site of deposition and the crystallographic 

orientation of the subsequently deposited mineral phase. The structural 

proteins are normally insoluble in water and rich in the amino acid glycine; 

the other kinds of proteins obtained by dissolving the shell or bone in a weak 

acid are often rich in negatively charged residues (aspartic or glutamic acids) 

which are assumed to interact with the cations of the mineral crystallites. For 

example, in vertebrate bone the structural framework is formed of collagen 

and a much smaller molecule, osteocalcin, it believed to be implicated in the 

deposition of hydroxyapa tite. Most osteocalcins contain three residues of 

y-carboxyglutamic acid per molecule, and each of these doubly negatively 

charged side chains is thought to bind Ca2+ ions in the apatite lattice. 
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Collagen from vertebrate bone of Quaternary age was first used to 

obtain conventional radiocarbon ages, but the usefulness of the technique was 

limited by the relatively large amounts of protein required and doubts about 

post mortem contamination. Conversion of the collagen to gelatin resulted 

in a purer product, but an even better procedure in which the carbon source is 

limited to the collagen-specific amino acid hydroxyproline, could not be 

implemented until accelerator mass spectrometry (AMS) became available 

sorne twenty years later. Collagen and osteocalcin are now routinely used as 

sources of carbon and nitrogen for stable isotope analysis and 14C age 

determina tions . 

Proteins in well-preserved bones and shells are used for two other 

purposes- phylogenetics and amino acid racemization/epimerization dating. 

The former depends upon immunological methods and the latter on the fact 

that the symmetry bias seen in amino acids of biological origin diminishes 

with time and sorne other factors. 

Fossil DNA 

This is a hot topic at present because of the discovery that long 

sequences of chloroplast DNA may be obtained from Miocene fossilleaves at 

a locality near Clarkia, Idaho. Shorter sequences have also been obtained from 

Egyptian mummies, subfossil human brains, the skins of extinct mammals, 

forensic specimens, hams from the Mary Rose, and English civil war graves. 

A 1,320-long DNA sequence of the gene (rbcL) for the large subunit of 

ribulose-1,5-bisphosphate carboxylase/ oxygenase (rubisco) from a Miocene 
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bald cypress (Taxodium) gives a direct measure of the rate of evolution of this 

molecule. 
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BIOMINERALIZATION AND GROWTH 

Processes of Biomineralization 

Biomineralization refers to the processes by which organism form minerals . lt 

is, therefore, by definition a true multidisciplinary fi eld that spans both the inorganic 

and the organic world . The phenomenon is extremely widespread, and sorne 60 or so 

minarais are known to be formed by organisms under a wide variety of conditions. They 

are depositad at many different locations both inside and outside cells . Sorne biogenic 

minerals are formad on such a huge scale in the biosphere that they have a majar impact 

in ocean chemistry and are importan! components of marine sediments and ultimately of 

many sedimentary rocks as well. 

All five kingdoms contain members that mineraliza and these are distributed 

among no less that 55 phyla. These organisms are capable of forming 60 differer. t 

minarais and it is clear that the true diversity it is lar from having been ascertained 

(Table 1). 

Biogenic minarais often have unique shapes and mineralogies, as well as an 

overprint of disequilibrium (with respect to the environment) chemical signaturas. 

These proprieties may be exploited to provide a more complete picture of the evolution of 

biomineralization based in the fossil record. 

Formation of new crystals from solutions , in which no such Cíystals existed 

previously, involves two phases : crystal nucleation and crystal growth. Nucleation is 

considerad to be achieved by a stepwise addition of single molecules, atoms, or ions, and 

eventually a lattice is formed. Many of these nuclei are unstable and redisso lve. 

There are two types of biomineralization processes: 

A) Biologically induced mineralization (Lowenstam 1981 ). Mineral formation in many 

aqueous environments in which organisms live is not inherently difficult to achieve. 

Even a relat ively minor perturbation, such as the introduction of biologically 

produced metabolic end-products, the release of particular cations by th e cell , or 

even the construction of a charged surface such as a cell wall, will under certain 

circumstances induce minarais to precipitate. The secondary precipitat ion of mineral 

as a result of the interactions between biological activity and the environment was 

termed "Biologically induced mineralization" . In this type, the biological 
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system exercises little control over type and habit of mineral deposited although 

biological surfaces may be important in the induction of mineral. 

This process appears to be the predominan! process among the monerans and 

fungi and it occurs fairly frequ ently in the protoctis ts and it is by no means 

uncommon among the animals. 

B) Biologically controlled mineralization (Mann 1983). In this type of 

biomineralization . the genetically controlled matrix con trols nucleation, growth and 

microarch itecture of the mineral deposited. The organism synthesizes a structural 

framework composed of organic macromolecules into which the appropriate ions are 

introduced, and then induced to grow. The structural framework determines, at least 

in part, the mineral phase to be formed , th e orientation of its crystallographic axes 

and the fina l morphology of the individual microarchitectural units. 

Our knowledge of mineralization processes is still rather limited. however it is 

already apparent that many organisms can combine different control processes and end up 

with an un ique final product. lf each of th e large variety of minerals deposited by 

organisms are formed by a unique process , th en the possibility of understanding the 

mechanisms by which these minerals are formed is remole. A more fruitful approach is 

to assume that the basic processes of mineral formation ar& common to all systems and 

that mineral formation by any individual biological system may diverge from the common 

pathway . 

lt is obvious that a precondition for mineralization is that the solution from 

which the mineral is to precipitate must be saturated and all the thermodynamic and 

kinetic considerations that apply to mineral formation fror'n saturated solutions in a 

beaker also apply to the space delineated by organisms for mineralization. 

The formation of the mother liquor in bio logically controlled mineralization is 

dominated by the cell or cells responsible tor orchestrating the entire mineralization 

process . Cells are equipped so that they can actively pump ions of choice into the 

mineralizing compartment or, when appropriate, allow passive diffusion of specific ions. 

The compositions of the ions that enter into the mineralization compartment is 

determined by the manner in which they are extracted from the environment. 

transported through the tissues, and introduced into the mineralization site. The facts are 

that many organisms are well equipped to determine which ions enter into the 

mineralization compartment. 

There are examples of biogenic minerals formed by organisms that live in 

environments in which the same mineral would never form inorganically. One of the best 
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known is the protoctists Acantharia. These single celled marine animals form hard parts 

composed of celestite (strontium sulfate) , mineral highly undersaturated in the oceans 

and, upon death, the shells rapidly dissolve (Lowenstam & Weiner 1989). 

Nucleation , in general, represents an activation energy barrier to the 
spontaneous formation of a solid phase from a supersaturated solution . This kinetic 
constraint may be sufficient to offset the thermodynamic driving force for precipitation, 
resulting in a metastable solution which do not undergo phase transformations over a long 
period of time. In biological environments, the activation energy for nucleation can be 
reduced by lowering the interfacial energy and/or increase the supersaturation. 

Two features of the organic matrix are essential on nucleation. First , 
organization of the organ ic matrix, through which they control the number of nucleation 
sitas and second its molecular complementarity with the inorganic ions that results in 
the crystalochemical specificity in the mineral deposits . 

The real world of biomineralization includes not only ions, macromolecules and 
minarais, but also the all importan! cells that orchestrate the whole phenomenon and 
coordinate their activities with the rest of the organ ism . They are usually responsible 
for the timing of mineralization processes and for determining the rates at which 
mineral will be deposited. They also coordinate this rate with the rest of organism 
growth . 

There is evidence (isotopic composition of sulfide minerals) of biologically induced 

mineralization as lar back as 2.7 Byr BP (Monster et al. 1979). However the oldest actual 
fossils that show direct evidence of bio logicaly produced minerals are the manganese 
encrusting bacteria, present in deposits formed 1.6 bill ion years ago (Muir 1978). 

Biologically controlled minerals may have originated sometime in the Precambrian. Then, 

biomineralization products comprise single crystals , small crystal aggregates formed in 

spicules and so on . 

The Precambrian appears to represen! a period in which organisms produced 
minerals by the "biologically-induced" type mineral ization process. and only towards the 

end of the Precambrian is more con tro l exercised ove r the crys tal growth processes and 
"matrix-mediated" min eralization evo lved (Lowenstam & Weiner 1989). 

One of the most significan! events in the evolu tion of the biomineralization was the 
formation of large composite mineralizad skeletons th at took place 570 mill ion years ago 
(Lowenstam & Weiner 1989). lt is al so significan! th at th e first hard parts formed by 
organ isms at or close to the Precambrian-Cambrian boundary already include carbonates , 
phosphates and sil ica. 
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During the Phanerozoic, biominera lization processes exhibi ted certa in trends both 

with respect to mineral types utilizad and comple xity of organization . Jusi prior to the 

Cambrian period, all the known biogenic minarais were calcium-minerals and two thirds 

were composed of calcium phosphate . Within 40 to 50 mya, calcium carbonate became the 

dominan! mineralization product and in the course of the Phanerozoic , many groups 

substituted aragonite for calcita in part or all of their mineralizad hard parts . Another 

majar development during the Phanerozoic, was the increasing uti lization of amorphous 

silica by members of various eukaryotic phyla . 

Most of the fossils with carbonate hard parts are from the Animalia or Protoctista, 

and, only a few from the Manera (lowenstam & Weiner 1989}. The other two kingdoms with 

very few exceptions do not have preservad fossi ls remains. As marine deposits are better 

preservad than continental ones, the record is also biased towards marine organisms. 

Lightly calcified cyanobacteria, the first documentation of carbonate mineralization 

in the fossil record, are presents in rocks from 1,000 mya and through Vendian times 

(Riding and Voronova 1982, 1984). By the end ot the Cambrian carbonate precipitating 

organisms dominated (lowenstam & Weiner 1989). 

The formation of biogenic carbonates in th e marine environment increased almos! 

expontentially during the Mesozoic and Cenozoic, what had a big impact on the chemistry of 

the present day oceans. 

The fossil record of phosphatic hard parts beg ins at the end of the Vendian, some 

570 to 580 mya, and is, to date, confinad to the Animalia (lowenstam & Weiner 1989). 

The majar part of the fossil record of phosphatic mineralizers in the Cambrian 

comprises problematica organisms, most of which became extinct by the end of the 

Cambrian. ls there any connection between their becoming extinct and their option for the 

use of phosphate for skeletal hard part formation? . Concentration of phosphate in sea water 

towards the end of the Vendian and the beginning of the Toomotian were relatively high (Cook 

& Shergold 1984) what could explain their initial selection. 

Based in the fossil record, primary period of phosphatic biomineralization started 

in the late Vendian, peaked during the Cambrian, and by mid-Ordovician times was confinad 

for the most part to the vertebrales (lowenstam & Weiner 1989). Many Cambrian 

phosphate-bearing organisms apparently became extinct, whereas others started forming 

carbonate minarais. 

The formation of siliceous skeletons is common and widespread in the kingdoms 

Protoctista and Plantae and in the animal Phylum Porifera. To date no Fungi or Manera are 

known to definitely form opal (Table 1) (lowenstam & Weiner 1989). 
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known is the protoctists Acantharia. These single callad marine animals form hard parts 
composed of celestite (strontium sulfate), mineral highly undersaturated in the oceans 

and, upon death, the shells rapidly dissolve (Lowenstam & Weiner 1989). 

Nucleation, in general, represents an activation energy barrier to the 
spontaneous formation of a solid phase from a supersaturated solution. This kinetic 
constraint may be sufficient to offset the thermodynamic driving force for precipitation, 
resulting in a metastable solution which do not undergo phase transformations over a long 
period of time. In biological environments, the activation energy for nucleation can be 
reduced by lowering the interfacial energy and/or increase the supersaturation. 

Two features of the organic matrix are essential on nucleation . First , 
organization of the organic matrix, through which they control the number of nucleation 
sites and second its molecular complementarity with the inorganic ions that results in 
the crystalochemical specificity in the mineral deposits. 

The real world of biomineralization includes not only ions, macromolecules and 
minarais, but also the all importan! cells that orchestrate the whole phenomenon and 
coordinate their activities with the rest of the organism . They are usually responsible 
1or the timing of mineralization processes and for determining the rates at which 
mineral will .be depositad. They also coordinate this rata with the rest of organism 
growth . 

There is evidence (isotopic composition of sulfide minarais) of biologically induced 
mineralization as lar back as 2.7 Byr BP (Monster el al. 1979). However the oldest actual 
fossils that show direct evidence of biologicaly produced minarais are the manganesa 

encrusting bacteria , present in deposits formad 1.6 billion years ago (Muir 1978) . 

Biologically controlled minarais may have originated sometime in the Precambrian. Then, 

biomineralization products comprise single crystals , small crystal aggregates formad in 

spicules and so on . 

The Precambrian appears to represen! a period in which organisms produced 
minarais by the "biologically-induced" type mineralization process, and only towards the 
end of the Precambrian is more control exercised over the crystal growth processes and 
"matrix-mediated" mineralization evo lved (Lowenstam & Weiner 1989). 

One of the most significan! events in the evolution of the biomineralization was the 
formation of large composite mineralizad skeletons that took place 570 million years ago 

(Lowenstam & Weiner 1989). lt is also significan! that the first hard parts formad by 
organisms at or close to the Precambrian -Cambrian boundary already include carbonates, 
phosphates and silica. 
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During the Phanerozoic, biomineralization processes exhibited certain trends both 

with respect to mineral types utilized and complexity of organization. Jusi prior lo the 

Cambrian period, all the known biogenic minerals were calcium-minerals and two thirds 

were composed of calcium phosphate. Within 40 to 50 mya, calcium carbonate became the 

dominan! mineralization product and in the course of the Phanerozoic, many groups 

substituted aragonite for calcite in part or all of their mineralized hard parts. Another 

majar development during the Phanerozo ic, was the increasing utilization of amorphous 

silica by members of various eukaryotic phyla. 

Most of the fossils with carbonate hard parts are from the Animalia or Protoctista, 

and, only a few from the Manera (Lowenstam & Weiner 1989). The other two kingdoms with 

very few exceptions do not have preserved fossils remains. As marine deposits are better 

preserved than cont inental ones, the record is also biased towards marine organisms. 

Lightly calcified cyanobacteria, the first documentation of carbonate mineralization 

in the fossil record, are presents in rocks from 1 ,000 mya and through Vendian times 

(Riding and Voronova 1982, 1984). By the end of the Cambrian carbonate precipitating 

organisms dominated (Lowenstam & Weiner 1989). 

The formation of biogenic carbonates in th e marine environment increased almos! 

expontentially during the Mesozoic and Cenozoic, what had a big impact on the chemistry of 

the present day oceans. 

The fossil record of phosphatic hard parts begins at the end of the Vendian, some 

570 to 580 mya, and is, to date , confined to the Animalia (Lowenstam & Weiner 1989). 

The majar part of the fossil record of phosphatic mineralizers in the Cambrian 

comprises problematica organisms, most of which became extinct by the end of the 

Cambrian. ls there any connection between their becoming extinct and their option for the 

use of phosphate for skeletal hard part formation?. Concentration of phosphate in sea water 

towards the end of the Vendian and the beginning of the Toomotian were relatively high (Cook 

& Shergold 1984) what could explain their initial selection. 

Based in the fossil record, primary period of phosphatic biomineralization started 

in the late Vendian, peaked during the Cambrian , and by mid-Ordovician times was confined 

for the most part to the vertebrales (Lowenstam & Weiner 1989). Many Cambrian 

phosphate-bearing organisms apparently became extinct, whereas others started forming 

carbonate minerals. 

The formation of siliceous skeletons is common and widespread in the kingdoms 

Protoctista and Plantae and in the animal Phylum Porifera. To date no Fungi or Manera are 

known to definitely form opal (Table 1) (Lowenstam & Weiner 1989). 
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The oldest known biogenic silica deposits are found at the base of the Cambrian, just 

abo ve the Precambrian-Cambrian boundary, where siliceous spicules of hexactinellid 

sponges have been found in marine deposits (Sdzuy 1969) . The mid-Ordovician, some 

450rnya, is the first time that extensiva sedimentary accumulations of siliceous skeletal 

deposits occur (Lowenstam 1948). These are composed of radiolarian skeletons. 

An addition to the spectrum of opa\ forming organisms occurred with the evolution 

of the diatomeans in the early Jurasic about 200 mya. They did not become quantitatively 

importan! constituents of the marine planktonic community un ti\ about 100 mya in the mid

Cretaceous (Tappan 1980). 

The expansion of terrestria\ angiosperm grasses in the mid-Cenozoic resultad in 

huge amounts of biogenic silica being formad in land. Expansions on land and in the ocean 

occurred more or less at the same time (Lowenstam & Weiner 1989). 

Construction of mineral skeletons 

Organism show tour basic methods of skeletal growth: 

- Accretion : Growth is by addition of mineral material to the preexisting 
skeleton. 

- Molting: This growth form is restricted to arthropods. In molting, tha 

skeleton is periodically discarded and a new, larger, and perhaps different 

shaped skeleton develops. 

- Addition of skeletal elements : The simples! example of this is the 

addition of spicules to a spicular skeleton {sponges, alcyonarians, 

holoturians) . A more complex example is the equinoderm skeleton which is 

en\arged by the addition of new plates. 

- Modification: This method invo \ves growth on al\ sides and even within the 

skeleton and resorption of material so that both the shape and size of the 

skeleton can changa as needed. This method is used in the vertebrales. 

The most widespread method is the first one, and we wi\1 use the brachiopods as 

an example of skeletal growth by accretion. 

Although much research remains to be done on the fabric of the brachiopod 

skeleton, and fundamental changas in our views on the evolution of the structure of the 

calcareous she\1 may yet occur, studies of living and fossil calcitic-shelled Brachiopoda 

show that skeletal growth has never involved, more than a few secretory processes 

(Williams 1968a&b, 1971 a&b, 1984 , 1990; MacKinnon & Williams 1974) . The 
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succession: periostracum (organic)-mineral primary layar-mineral organic fibrous 

secondary layer-[and in sorne stocks, mineral prismatic tertiary layer] is the common 

fabric throughout the evolutionary record o! brachiopods. In living brachiopods, the 

skeletal fabric can be relatad to the externa! form and secretory activity o! cells 

composing the outer epithelium o! the mantle lining the shell. With growth, those cells 

that originated in the part o! the generativa zona away from the mantle margin move away 

remaining as part o! the inner surface of the mantle. Th ey have no role in the development 

of either the she ll or the periostracum. On the contrary, cells proliferating on the 

opposite part o! the generativa zone are intimately involved in the secretion o! the shell 

playing a complex and changing role in its development. During growth, each cell moves as 

in a conveyor belt pushed by the new cells proliferating behind it, at the generativa zone . 

During this migration secretory activity o! the cells change periodically . Each cell is 

responsible of the secretion o! part of the periostracum, and part of each of the layers of 

the shell. The cells form organic periostracum as they move away from the generativa 

zone until they reach the mantle margin. At this point secretory activity changes and cells 

begin to deposite mineralizad shell on the inner surface of the periostracum . The calcita 

crystals initially tormed, constitutes what it is known as primary layer. Thickness of 

the primary layar increases slightly towards the anterior. As the primary layar 

deposition is restricted to a small zona o! the outer epithelium cells situated at the valve 

edge, this thickening could be due to the progressive increment in the number o! cells of 

that epithelium involved in the secretion of the primary layer. On the other hand, the 

thickening o! the primary layer, observad under growth lamel lae, could be attributed to a 

diminution of the speed o! migration of the outer epithelium cells during the 

readjustement of the mantle alter the regression, together with the better preservation 

expected in the primary layer below lamellae, where it is less exposed to superficial 

abrasion (Aivarez et al. 1987; Alvarez 1990 ; Alvarez & Brunton 1990, 1991 ). 

These cells, responsible of primary layer formation, secrete just calcite, but as 

the growing mantle margin moves away from a part icular cell, its secretory activity 

changa once again. Now, besides o! the deposition of calcite, it lays down an organic 

membrana. Although shape of the organic membrana, and thus the resulting shell 

structure, change in the difieren! brachiopod groups, this part of the shell formed by the 

calcite and the organic membrana it is called secondary layer. So lar two main types of 

microstructures have been identified in the secondary layer: fibrous and laminar. A 

fibrous secondary layer is the most frequently found and apparently represents the 

primitiva condition in the articulate brachiopods. lt is found in the Cambrian articulate 

brachiopods, it is a persisting characteristic in many o! the main lineages, and it is the 
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microstructure characteristic ol most ol the Recen! articulates. During deposition ol 

librous layer, each cell secretes a long rode ol calcite with a characteristic shape. 

Epithelial cells are disposed in alternate rows, and only the posterior part ol each cell 

deposite calcite, whereas the acule anterior par! exudes an organic membrana, This 

membrana is lused with !hose ol the adjacent cells, and together cover each calcite libre. 

The shape and packing ol the libres ol secondary layer depends initially on the spatial 

relationship between the outer epithe lium cells and the inner surlace ol the she ll. 

Secondary libres appear as blades which gradually become wider towards the inner 

surlace ol the shell .. In longitudinal section the libres are obliquely sloping , lrom !heir 

origin under the primary layer anteriorly towards the inner surlace ol the shell, with an 

angle clase lo 1 oo. The shape and packing ol !he libres has be en observad in transversa 

sections . This kind ol packing lacilitates the overlapping ol libres during growth and 

provides a considerable consistency to the shel l. The regular packing ol the libres ends al 

the interna! surlace ol the valve lorming a mosaic structure. 

When the primary layer is removed it is possible to see that the secondary libres 

are disposed radially, perpendicularly to the margin ol !he val ve . However, this 

disposition may change during growth. Al some distance· lrom the valve margin the 

secondary libres stop growing anteriorly in synchrony with the primary layer and 

reorientate in difieren! directions . With this change in the growth strategy a 

strengthening and thickening ol the valve wall is ach ieved. To allow the rotational 

movements ol the secondary libres, maintaining their compact packing, it is likely that 

the secretion ol some libres had to slow down or stop lor a while. The rotation of groups ol 

libres requires a diflerential growth , being slower at the inner than the outer libres ol 

each group. All inner skeleton , including teeth, dental sockets, cardinalia and brachidium, 

are usually lormed by secondary shell. Regular ity ol libre stacking in !hose structures is 

usually interrupted due to resorpt ion and development ol new cells in the secondary 

generativa zones. 

During growth , brachiopods have lo keep a del icate balance between forward 

growth of the margin of their valves and the thickening of the previously secretad 

valve. The secretion ol prisms of tertiary layer seems to be a more efficient method 

ol shell thickening than that the simple reorientation and crossing of secondary libres 

described above. The th ickness ol this prismatic, or tertiary layer, is greatest in the 

posteromedian region ol both valves but diminishes progressively to the anterior and 

lateral margins. The prisms of tertiary layer appear as consequence ol a change in the 

carbonate secretion ol the shell. At the same distance lrom the valve margin, the outer 

epithelium cells stopped migrating in the horizontal plane but continuad secreting calcita 
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in the form of well defined prisms arranged perpendicular to the inner surface of the 

shell and In structural continuity with the underlying secondary layer libres. In sorne 

instances it is possible to observe how every secondary layer libre gives rise to a 

characteristic prism ol tertiary layer (Aivarez et al. 1985; Alvarez 1990) . The 

different orientations ol the growth banding in the two layers results from the banding in 

the prisms no longer representing any growth in length but only vertical accretion ol 

calcareous material. 

During the process ol secretion ol the tertiary layer, the epithelial cells may 

have sulfered a reversion to secrete secondary layer again , giving rise to small 

transgressions and regressions in the secondary-tertiary layer boundary (Aivarez 

1990), possibly caused by fluctuations in the rate ol growth ol the specimen. 

Detailed study ol these prims has shown the sporadic presence ol banding , ol 

variable periodicity , parallel to the inside ol the sheJI (Aivarez et al. 1985; Alvarez . 

1990). This banding is probably the result of small lluctuations in the physio logical 

behaviour ol the epithelial cells, possibly induced by environmental changas. 

In the zones ol attachment ol the muscle bases, and in response to the need lor 

maximum adherence between the shell and the outer epithelium, the typical mosaic ol 

secondary layer is modilied as an irregular deposit, the myotest . The modilications 

observad in secondary layer libres are basically the lusion ol adjacent libres and the lost 

ol their characteristic outlines (MacKinnon 1977; Alvarez 1990). In sorne longitudinal 

sections the transgressive disposition ol the myotest libres can be seen in both valves 

(Aivarez 1990). 

The presence ol cylindrical microscopio canals (puncta) in the calcareous shell 

ol many brachiopods, implies that the growth pattern just described may show 

modilications (sea for example Williams 1968:29). Function ol these puncta and caeca 

(~ tubular multicellular outgrowths ol the mantle) are discussed elsewhere. 

Growth ol endoskeleton structures such as the different types ol brachidia, or 

externa! leatures such as lamellae or spines etc, also implies sorne modilications ol the 

general secretive pattern described . Normal growth ol the brachidium, lor instance , 

implies a delicate equilibrium between resorption and secretion in the lunction ol the 

mantle cells. The deposition and resorption processes by which the spiral eones expand 

continuously in the brachial cavity are rather complex, as the locations ol the areas in 

which growth and resorption took place is very difficult. 

Formation ol spines, lamellae, and structures lacilitating the tight closing ol the 
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affecting cells secreting both primary and secondary layers (see Alvarez et al. 1987; 

Alvarez & Brunton 1990, 1991 ). The shelly extensions of brachiopod valve surfaces 

were originated as a consequence of periodical fluctuations in the secreting behaviour of 

the marginal zones of the mantle. In general, the first stage in the formation of lamellae 

was the "elevation" of the plane of growth of primary shell away from the projected curve 

of the valve. Under this primary layer was secretad a series of secondary libres whose 

number decreases progressively distally. Once the lamella was fully grown, there was an 

interruption in the secretion of primary and secondary layers followed by a regression of 

the epithelial cells that had secreted the lamella. The surface along which the normal 

shelly secretion was interrupted slopes posteriorly forming a variable angle with the 

inner surface of the shell depending on the species under consideration and the position of 

the lamellae according to their time of growth, during ontogeny. This surface, known as 

the regression plane, has two well differentiated regions: the distal part, principally 

associated with the underside of the lamellae, corresponds to the libres most directly 

affected by the regression of the epithelial cells . In a radial section these libres usually 

curve inwards towards the regression plane. In sorne species this distal zone of recurved 

libres extends into the outermost layers of the valve itself. Thus while the distal part is 

principally externa! , in the sense of forming the underside of the lamella, a short section 

is interna!, in the sense of being within the shell. Further into the shell is the proximal 

part of the regression plane . Mantle regression is marked mainly by flexure in the 

secondary libres. Frequently at the inner part of the regression plane, a fine band of 

micritic-like material appears. On the anterior part of the regression plane, on the 

undersides of the lamellae in sorne genera, mantle cells secretad calcite accumulations. 

These "pads" are the material reflection of the reorganization of the epithelial cells as the 

started to regress from the lamellae. Alter this reorganization the normal growth of the 

shell was resumed. lt is importan! to emphasize that during the development of these 

lamellae, the cells responsible for their secretion may have been exposed to the action of 

possible predators, since they lacked the shelter provided by the shell itself during 

normal shell secretion. The whole growth process of lamellaé may have been very rapid, 

taking only a matter of hours . In sorne genera however, the growth of lamellae may be 

expected to have taken longer, but vulnerability of the epithelial surfaces would have been 

reduced to that of normal valve growth by the way in which the dorsal and ventral 

lamellae grew parallel and clase to each other, acting as temporary valve margins. lndeed, 

at the times of maximum regression the trua valve margins would have been separated and 

free to grow towards one another at the start of the next transgression, forming U-shaped 

gutters (see Alvarez & Brunton 1991 ). These structures then became the functional 

valve margins, well posterior to :he margins of the lamellae , in so doing providing 
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closure for the valves and sufficient opposed growth to separata the lamellae and increase 

the depth of the mantle cavity of the shell. This was followed by the growth of the next 

pair of lamellae. lnitially the o u ter surfaces of each pair of lamellae diverged slightly, 

bu! as they grew, their inner surfaces became parallel to each other and took over the 

role of functional valva margins, augmenting or superseding the true valve margins, 

which by this stage were left beh ind internally. lt seems that the natura of the lamellae is 

a more significan! character than, for example, folding and sulcation, which alterad 

during the ontogeny of the individual, but much research remains to be done on the fabric 

of the brachiopod skeleton. Comparativa studies can show the possible changes in skeletal 

structure (and, by inference, in cell biochemistry) occurred during the history of the 

different orders, and the possible post-mortem alterations in the skeletal fabric induced 

by diagenesis and lithification. 
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Tabla l. Distribution of the more importan\ compositional materials among various taxonomic groups. 
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CARBONATES Calcita X X X X X X X X X X X X X X X 

Araqon i te X X X X X X X X X X X 

Vaterita X X X X 

Monohvdrocalcite X X X X 

Protodolomite X 

Hvdroccerussite X 

PHOSPHATES Hvdroxvlaoatite X X X 

Octacalcium ohosphate X 

Francolite X X X X 

Dahllite X X X X X 

Whutlockite X 

Struvite X X 

Brushite X 

Vivianite X 

HALlO ES Flu orit a X X 

Hiera ti te X 

SULFATES Gvosum X X 

Ce testita X 

Barite X X 

SILICA Opal X X X X X X X 

IRON OXIDES Maanetite X X X X 

Goethite X X 
Leo idocroci te X X 

FerritlVdrite X X X 

MANGANESE Todorokite X 

OXIDES Birnessite X 

SULFIDES Pvri te X 

Hvdrotroilite X 

Sohalerit e X 

Wurtzite X 

Galena X 

Greiaite X 

Mackinawite X 

METALS Sullur X 

CITRATE Earlandite X X 

OXALATES Whewellite X X X X 
Weddellite X X X X X X 
Glushinskite X 
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ANIMAL PALAEOECOLOGY 

11 is clear for any observar that animals and plants are not uniformly distributed 

over the earth. We easily associate groups of organisms with each other and with 

particular environmenls: polar bears live in the artic and coral reefs in warm, shallow 

waters . Deserts are slerile and rain forests luxuriant. Somehow we are all ecologisls 

because ecology tryes lo explain the patterns in lhe distribution and abundance of 

organisms. 

In palaeoecology we must determine the relationship between lhe fossil and lhe 

associated sediment, the relationships between lhe various taxa and lhe interactions that 

existed in ancient environments. Thus a good basis, nol only in sislematic palaeontology, 

functional morphology and evolution, but also in sedimentology as well as in biology and 

chemistry is required in this integrated approach lo the evolulion of the biosphere. 

The ecological use of body and trace fossi ls is of wider inleresl lo geologisls, and 

tries lo answer queslions relatad with its palaeophysiology, habita! and cummunity 

analysis as : How a fossil and where did it "live"?, how it once fed and on what?, how il 

respirad, grew, reproduced, moved and protected itself? with what was it associated?. The 

answer of this questions is clearly relatad with the other main items of this course as the 

self-organizaton of morphologies, plant palaeoecology, funcional morphology and 

biomineralization and growth. 

In a palaeocological analysis th e first questions to answer are: 

is the fossil in the position in which it lived (autochthonous)?, 

has it been either disturbad (parautochthonous) or sorted?, 

has it been substantially removed, dispersad and/or transportad 

(allochth onous)?. 

The answer lo these question is not always clear. The normal criteria used to 

determine autochthony and parautochthony, as the normal lile attitude, size frequency 

distribution, completeness and sorting, shell breakage and damage, orientation among 

others, are not eassily used. 

Besides of this, it is useful to remember the importance of the local factors 

and of past sea-levels and climate when making palaeoecological deductions based on 

ecological factors. In general, the precision with which various factors can be determinad 

decreases with geological age. 
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Apart of the depth (light intensity), "inshore to offshore" (nutrient levels) 

and latutudlnal gradlents, other ecological factors , relatad with these three and 

that are of concern to palaeoecology are: 

• palaeobathymetry (~ depth and light), 

• palaeotemperature and palaeocllmate (~ seasonality, growth rings and banding), 

• type of substrate (and how the benthos used it: attachment, protection, a source of 

food ... ) 

• salinity and oxygenatlon [~ relationship between oxygenation, benthos 

(nutrients, degree of bioturbation), and stratification]. 

• lnter-relatlonshlp (~ trophic structure, predation, symbiosis , commensalism, 

parasitism, overgrowth, fouling .. . ), 

• abundan ce 1~ frequency and de nsi ty)(using, if possible, semiquantitative 

comparison diagrams)]. diversity 1~ richness (number of species present), and 

evenness (relativa abundance of each species)] and dispersion (~ spacing) , 

• population structure and dynamics, 

• palaeoblogeography (~ barriers, physical , chemical and biological limiting 

factors). 

In the investigation of the palaeoecology of a fossiliferous site it is useful to 

attempt a pictorial reconstruction of the site as it was al the time of formation , the study 

of the association of organisms that, when alive, formed and interdependent association or 

palaeocommunlty. Further discussion on palaeocommunties is beyond the scope of this 

course, but it is importan! to finish this section, remembering that before any attempt is 

made we must seriously considerad that the taphonomic loss was probably greater than 

it appears to be ["it si the understanding and appreciation of taphonomy that distinguishes 

a palaeontologist from a biologist"] . 

1t is generally accepted that hard parts and mineralizad skeletons of organisms 

are preserved, whereas soft bodied organisms hardly have any fossilization potential. 

However this is not necessarily the case . Mineralizad exoskeletons are also badly damaged 

on a considerably short period alter organisms death, thus reducing in a great extent the 

number of organisms that are preserved in the fossil record and severely limiting 

palaeoecologicl tinterpretations. 

Decay of Recen! brachiopod shells could be a good example of the extent of 

taphonomic loss. Four different types of postmortem behaviour have been 

observad (Emig & Alvarez 1990) in Recen! brachiopods: 
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• The qultino-phosphatic shells ol the inarticulate genera Lingula and Glottidia 

suffer alter death ol the brachiopod, and within the sediment, a very rapid 
disaggregation lrom the borders ol the valves to their central parts, that being the 
most mineralizad are more resistan!. This quick degradation of the valves, accelerated 
not only by the enzymatic actions ol organisms but also by mechanical abrasion, causes 
the total disintegration ol empty shells within 2 to 3 weeks (Emig 1981, 1983, 
1990). So only catastrophic events may cause the taphonomic presence ol 
Lingulida shells (Emig 1986). 

- Organic matrix ol carbonate shells with two layers, such as that ol 
Terebratulina, is degradad alter the death ol the organism what causes, lirst a 
general softening ol the shell and then, and alter a period ol 6 or 7 month, its total 
disaggregation. This disaggregation results in the incorporation ol numerous calcite 
libres to the sediments (Collins, 1986). These libre, usually long (15x5~1 OO¡.¡.m). 
may dissolve and/or recrystallize thus loosing their characteristic shape. 

Other brachiopods with two layer shells such as Terebratalia, Laqueus , 

Terebratella, Waltonia, Neothyris, Megerlia etc. seem to undergo a similar softening 
process (Stewart 1981; Collins 1986). 

• Sorne rynchonelids such as Notosaria, although having a carbonate shells formed 
by two layers (primary and secondary) do not show any type ol softening. This 
different behaviour can be due in one hand to the proteic characteristics ol Notosaria 

shell, and in the other to lack ol punctuation. Mechanical abrasion processes combinad 
with the destructiva action ol the organ isms seem to be the main cause for shell 
destruction. 

• Brachiopods with carbonate shell formed by three layers have a bigger resistance 

against the destructiva processes . However sorne processes lacilitate shell 
lragmentation . Thus it is possible to observe how the three layers shell ol Gryphus 

(see MacKinnon & Williams 1974 and Alvarez et al. 1985) suffers the alteration of 

the organic matrix of the secondary layer, alterations lacilitate by the microorganisms 
action and the dissolution (and/or recrystallization) ol the tertiary layer (see also 
Gaspard 1988). Mechanical lragmentation ol Gryphus specially affects the anterior 
two thirds ol the valve , whereas the thicker posterior part, remains longer in or over 
the sediment (probably severa! years) . 
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So under normal environmental conditions taphonom ic loss of brachiopod shells 

is caused by: 

( 1 ) Alteration ol the organic matrix of the shell, directly relatad to its 

structure and composition. 

( 2 ) Dissolution and recrystallization of the mineralizad parts of the 

shell, directly relatad to environmental conditions. 

( 3 ) Mechanical abrasion together with the destructiva activity ol 

different kind ol organisms. 

lt seems evident thal even in a group ol invertebrales having what we consider an 

excelleni representation in the lossil record, we are just considering a ve ry partial 

scenario ol benlh ic lile . 

As a consequence ol our geological background , paleonlologisls tend lo explain 

launal changas and dislribulions relaling lhem wilh changas in lhe physical conditions ol 

lhe environmenl, ignoring or limiting lhe imporlance ol biolic inleractions. 

The aclion ol organisms has an ellecl not only on lossil preservalion. Biotic 

interactions proloundly affecl also species composition and abundance, ol bolh 

hard and soll bottom communilies. 

In terms of abundance suspension leeding brach iopods were clearly successlul 

occupanls ol soft substrala in the Palaeozoi.c, and the seemed to be exceptionally toleran! 

ol turbidity . But during the Late Palaeozoic and Early Mesozoic their diversity and 

abundance declinad lo presenl relalively minor levels (Will iams el al. 1965). But if they 

were so well adaptad to the physical rigours of lile on mud , why do they no longer live 

there? One answer appears to be a dramatic increase in biological disturbance of 

sediments (see Thayer 1983). With the increase ol "bulldozing" there was a sharp 

reduction in the lree-lying brachiopod genera. The less vulnerable groups (burrowing 

and cemented inarticulates) persisted (in number ol genera) or increased, albeil 

modestly, in percentage ol genera. 

11 ancient articulates had growth rate similar to modern shells [less than 

1cm/year (Thayer 1981 ; Curry 1982)), a relug e- in -si ze lrom bulldozing was 

improbable. Thus lacking mobili ty, they were restricted to hard substrata , where they 

laced overwhelming competition lrom othe r organisms . 
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FUNCTIONAL MORPHOLOGY 

We notice that palaeontological research concentrated on fossil recognition up 

through the first third of the 20th Century. Then questions of palaeoecology, extinctions 

and evolution took over for a third, and now in the final third , we are in an era where 

many of the resources for palaeontolog ical research are being spent to answer molecular 

questions. However, in spite of this trend, we must keep in mind that the organism is still 

our prime tool. The structure and function of the organism give context and perspective 

for the cellular and molecular approaches to the study of lile . 

The analysis of lhe skelelal slruclures in lerms of simple funclional 

morphology, allhough contributes to lhe palaeobiological knowledge of the studied forms, 

overlooks lo a great extenl the variabi lity of the adaplative struclures present in related 

organism and, lherefore, do not allow lo balance lheir possible biological añd syslemalic 

significance. In lhe palaeoecological analysis is lhen necessary lo sludy nol only lhe 

individual funclional morphology but also , and whenever possible, the slructure al lhe 

populalion leve! of lhe different species in relalion wilh lhe sedimentary context. 

Of each struclural fealure we must ask: ·'whal is its function and the mechanism 

by which il functions?", "what were lhe sleps and causal mechanisms in ils 

developmenl?", "what were the steps and causal mechanisms in ils evolulions?". 

There are two simple queslions lhat may guide us in our approach to funclional 

morphology: "what do 1 ha ve to know?". "what a m 1 looking for?" . 

A short list of concepls can help us to answer these questions. 

- Whal to know: Scales of size and time. 

Hierarchy. 

Permission , constrainls and opportunities of function. 

Properlies as descriptors of structure and funclion . 

Analogy and homology. 

Whal to look for: Pattern (polarity and symmelry) . 

Dimensions lhal signify the size of lhe scale. 

Heterogeneity: Composile (aggregates and interfaces). 

Anisolropy resulting from preferred 

orientation of libres and cryslals . 
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This list of ideas is not an exhaustiva one, but it is more than enough lo introduce 

the study of form and function. 

As in my previous contributions, 1 will use brachiopods lo illustrate the subject. 

Although morphology of their shells is directly observable , functional analysis of some 

structures ls diff icult lo conduct experimentally, not only due lo material difficulties 

involved but also because such structures probably developed as a result of a balance 

between several tendencias, sometimes opposed, as can be lo gel a bigger protection of the 

organism and a diminution of its global weight in order lo not be sunk in a muddy bottom. 

Growth, form and function must be rejoined in our studies by th e application of effort, 

skill, and a good notion of the intact organism. 

Structural features of organ isms have three importan! biological contexts: 

functional , developmental and evolutionary . Thus any study of morphology must 

inevitably cope with the problem of assessing the relative importance of th ese factors 

(Fig. 1 ). 

In order to understand better the morphology and characteristics of the 

brachiopd shell it is necessary to remember that morphology must satisfy the requests 

for . protection, interna! volume and stabil ity continually posed by the organism. 

The maintenance of an stable position is a priority for suspension feeding 

organisms such as brachiopods. There is good evidence for this requirement in the great 

variety of methods adopted by Recen! brachiopods to guarantee a good attachment area for 

their various kinds of pedicles . (Bromley and Surlyk 1973 ; Richardson 1979, 1981; 

Curry 1981). 

On soft bottoms, the areas available lo the brachiopod larvae lo attach were only 

shells, their fragments, crinoid columnals, small pebbles , etc .. Many of these objects 

were big enough to provide stability during the early stages of lile of the brach iopods, but 

they were not sufficient as the brachiopod increased its size, so that in spi te of keeping a 

functional pedicle, most of the adult specimens were lying free on the substrate. 

The strategies followed by brach iopods lo survive on these soft bottoms were 

varied (see Jaanusson 1979 ; Bassett 1984 ; Alvarez 1990 : .. ): 

a) Differential thickening of the shell in the posterior region helping to 

keep the shell with the beaks close to or even buried into the sediment, its lateral 

commissure subperpendicu lar lo the water-sediment interphase and the posterior 
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margin directed upwards, into clearer waters . (el. Ziegler et al. 1966). This kind of 

strategy is frequently associated with the appearance of free lying forms. 

b) Development of subtriangular cardinal areas that would have served, 

together with the acqulsitlon of progresslvely more transverse shapes, to 

distribute the weight of the shell over greater areas of the sediment and thus aid its 

stability while keeping the anterior margin in a relatively high position . The 

transversa development not only helps to solve the stability problems on soft 

substrates but, together with the type of folding also facilitates the expulsion of waste 

products, in the stagnant conditions normally associated with soft bottoms, as it 

provides the maximum separation between the inhalan! and exhalan! currents. 

e) Development of wide flat growth lamellae or long spines helped to keep the 

shell in position on a soft surtace and contributed, with the pedicle, to the anchorage 

of the shell. The presence of a median dorsal told helped to raise the anterior 

commissure ot the brachiopod above the sediment. The small size usually attained by 

brachiopods with this type of lamellae would have facilitate their "flotation" over soft 

substrates. On the other hand, the type of foramen usually observad, indicates the 

existence, through their lites, of a small pedicle that may not have been strong 

enough to support the shell upwards but could acted as an anchor (el. Brookfield 

1973) . 

lt is well known that most Recent brachiopods leed trom a wide variety of food 

e.g . diatoms, dinoflagelates, organic molecules in solution they filter from the inhalan! 

currents. Brachiopods get food and oxygen from the pumping and filtering action of the 

lophophore. 

In general it is admitted that the filtering capacity of the brachiopods is a 

function of the area occupied by the lophophore filaments. The metabolic necessities of the 

organlsms lncrease proportionally to the increase in body volume and these requirements 

are satisfied by an increase in size of the lophophore. 

lnfluenced, to sorne extent, by their strategy to secura their stability, 

brachiopods followed, al leas!, two main lines to increase the surface, and thus the 

metabolic efficiency of the lophophore. 

a) lncrease in the basal diameter of the eones of the brachidium, associated 

with a progressive increase in shell convexity. 

b) lncrease of the conus height by the adquisition of forms increasingly 

wider . 
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The lophophore and all other soft parts of the body of brachiopods are protected 

by a calcareous exoskeleton, the shell. The closing of the shell would constitute the main 

defensa of the organ isms facing any externa! 1hreat. 

In Recen! brachiopods the edge of the mantle is very sensitiva to tacti l stimulus. 

This sensibil ity is reintorced by the presence of projecting chitinous setae. These setae, 

as well as providing a sensit iva or "warning" function, might also have formed, with the 

growth lamellae, in sorne cases spinose, a kind of filler or screen obstructing the passage 

of particles that could be a threat to the survival of the organism. The distribution of the 

setae could be particularly dense if the amount of particles in suspension was high. 

Structures such as lamellae and spines have different functions in brachiopod 

shells. Th ey could actas elements of stabilization , filtration and flotation over soft 

bottoms. 11 is possible that these structures could serve also as protection elements either 

directly acting as camouflage on the bottom or preventing the attachment of the larvae of 

other organisms. In sorne cases lamellae seem to have acted as very eHicient deterrents to 

the colonization by epizoans, but in others have not been so efficient in preventing 

epizoan settlement. In these cases epizoans appear, however, to have been limited to 

settl ing on the lamellae rather than on the true valve surface below (cf. Alvarez & Taylor 

1987). 

During brachiopod lite the caeca of punctate stocks could be considerad as an 

importan! "instrument" for protection of the brachiopod shell. The caeca may al so have a 

nutrient storage capacity , very importan! in environment with pronounced seasonal 

fluctuation in food availability (see Owen & Williams 1969; MacKinnon 1971 and Curry 

1983). The possible advantage of endopunctate shells over the impunctate ones may 

explain the relati va success of the Terebratulida from the Silurian to Recent (Williams el 

al. 1965). 

Recent brachiopods tend to develop a wide tolerance to depth, with variations of 

even hundreds of meters. Thus, depth is not a determining factor of the distributions of 

these organisms. This does not mean that the depth and the nature of the substrate are not 

importan! data in understanding brachiopod distribution but that other ecological factors 

(oxygen abundance, nutrients, water circulation and turbulence , temperatura, salinity, 

competitors, predators etc.), of course difficult to recognize in the stratigraphic column , 

often played importan! roles (sorne times decisiva) in their surviving and expansion. 

Why should we care about structure and function? lt seems to me that it is all in 

aid of understanding the evolution of organisms. Functional morphology is not a subject 

into itself. lt is jusi a point of view, like all the other points of view (ecological, 
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biochemical, behavioural, mathematical, etc). lt is a tool that can help us lo come lo 

understand the origin, history, and continuation of lile on Earth. 
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Vendobionta: strangest organisms on Earth 

Because of their size and regular organization, the Ediacara-fossils 

of the late Proterozoic were traditionally referred to soft-bodied 

ancestors of modern animal phyla (GLAESSNER 1984). Closer examination, 

however, reveals not only a unique kind of preservation, but also a 

strange organization unlike that of any modern counterparts. Instead, 
these organisms (Vendobionta) are interpreted as an independent group that 

reached large size not by multicellularity, but by subdividing a body 

through serial (segmental) or fractal quilting of a tough skin. This 
hydrostatic coenocytic construction also allowed them to maximize the body 

surface for photosymbiosis, chemosymb iosis or dir~ct absorption of 
dissolved organics. While bilaterian animals were still small, worm-like 
and infaunal deposit feeders, whose activities are recorded by trace 
fossils, the Vendobionta became the rulers of Late Proterozoic sea 

bottoms. Like immobile soft bottom dwellers of later times, they 
developed fl at recliners, erect elevators, or sediment stickers in 

different sedimentary environments. They always required extraordinary 

sedimentational events (tempestites, turbidites, inundites, ash layers) in 
arder to be preserved . Such obrution lagerst~tten provide "fossil 

snapshots" recording the topology, age structure and standing biomass of 

local communities. The Vendobionta and their "Garden of Ediacara" carne to 

an end with the Cambrian revolution, in whi ch the advent of hard jaws and 

skeletons started the Phanerozoic arms race. 
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Fig. l. Seen as animals, Ediacaran bodyplans would fa ll into disparate 
phyla (jel lyfish, seapens, echinoderms, worms, arthropods). In the new 

interpretation, they represent an extinct group, probably non-cellular, 

one in which the protoplasm was compartmental ized by allometric quilting 

of a chitinous skin . In spite of their determination early in ontogeny, 

general symmetries would then be on ly subordinate features (modified from 

SEILACHER 1989). 
Fig. 2. Vendobiontan life sty les followed similar adaptational pathways 

as known from other immobile soft bottom dwe llers. Carpet - like recliners 

transformed into erect e levators by differentiation of a stem and a self
implanting h o~dfast. In environments with a higher rate of background 
sedimentat ion, the margins of the carpets grew vertically up to form bag

like sediment stickers. Accord ing to new observations in Namibia, their 
growing margins did not emerge from the sediment , as shown here. This 
suggests a chemosymbiotic or fungus -li ke habit, while species living at 

the surface might have been photosymbiotic. Note parallel pathways in 
serial ly and fracta lly quilted groups (from SEI LACHER 1992). 
Fig. 3. Newfou ndl and Ve ndob ionta have been smothered by episodic 

submarine ashfalls. Associated surges telled the erect forms in a 
downcurrent di rect ion, but did not affect the recliners in spi te of their 
highly orientable outlines . Folded-over sp ind leshaped forms show that 
upper and lower surfaces had the same shape. As the inverse relief of the 

stem parts suggests, they were filled with a different , more slowly 
decaying material . Figures drawn from silicon casts (positive 
hyporeliefs) (from SEILACHER 1992). 

Evolution of trace fossils I : Tril obite burrows 

By processing loose sediments for detrital food, trilobites produced 
undertracks that reflect the particu lar burrowing behaviour of the 

producers as we ll as distinctive fingerprints of their appendages . 

Although the trilobite species responsible can no more be identified, 

known Cruzi ana ichnospecies serve the stratigrapher as chronol ogical, 
palaeoenv ironmental and pa laeogeographi c indi ces. 

On this basis, a Cruziana strat igraphy has been establ ished that 

helps to correlate otherwise non-foss iliferous Palaeozoic sandsto ne 

sequences in now dispersed fragments of the Gondwana megacontinent. The 
recent discovery of seemingly Ordovician Cruziana species in the Lower 

Cambrian of the Canadian Rockies emphasizes that separate Cruzi ana 

statigraphies yet need to be worked out in other palaeocontinents. But we 
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also face the task to refine the stratigraphic resolution of these trace 
fossils by gauging them against body fossils in well explored Gondwana 
regions such as Spain. 

In a palaeobiological sense, these trace fossils tell us much about 
form and function of trilobite appendages, which are bodily preserved in 
only a few and probably non-representative species. They also help to 
understand other trilobite features, such as terrace lines and the lack of 
mouth parts. 
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Fig. l . Trilobite dorsal skeletons, like those of limulids, forma low 
hood rather than an armour contouring the body. This suggests that they 
served primarily as a roof under which the legs could process the 
sediment. The extracted food particles were then transported along the 
mid-line to the backwardly directed mouth (asteri sked). Trace fossils 
(Cruziana) record details of the burrowing process (medio-posterior 
digging of endites; longitudinal brushing of exopodites). While the 
trilobite makers are bodily preserved only in a very few cases , or 
impressions of pleurae, cephalic edges and pygidia in others, sorne 
Cruziana species may actually be the products of limulids or aglaspids 
with similar modes of life. 

Fig. 2: Preservation and behaviour modify the shapes of Cruziana burrows, 
but only sorne of the variants are specific enough to justify taxonomic and 
biostratigraphic distinction (from Seilacher 1970). 
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Fig. 3: Cruz i ana species based on process -related, rather than 

typological, distinction can be used as index fossils in clastic sequences 

that are devoid of body fossils . The present scheme applies only to areas 

that once belonged to the Gondwana supercontinent. They thus help also to 

reconstruct palaeogeography (note Gondwanan species in South China and 

their lack in Baltica). Equivalent schemes still have to be established 

for other palaeocontinents. 

Evolution of trace fossils II: Worm burrows 

Since the late Proterozoic, worm-like creatures of different 

affiliation have been browsing through sediments in search of food. The 

undertraces they left on bedding planes reflect differences in modes of 

infaunal locomotion and behavioural programs . Their transformation and 

optimization can be studied in evolutionary lineages, even though the 

taxonomic identity of the producers may forever remain unknown. 

In contrast to trilobite burrows, most of these traces have time 

ranges too long to be helpful for stratigraphic correlation. They may be 

used, however, as almost ideal autochthonous facies fossils, because even 

in the cases of convergence, s imilar behaviour is likely to be 

environmentally controlled. Unfortunately., sloppy identification and 

nomenclature of many authors has made this tool next to useless. 

Therefore, a palaeobiol og ical revision of published data in terms of 

uniformly defined ichnospecies, ichnogenera and ichnofamilies would be as 

important as t he accumulation of new material . A second area that needs 

to be explored is the biomechanics of infaunal animals. Only with such 

knowledge can we hope to unravel the hi story of bilaterian animals before 

their Cambrian explosion, because in the Proterozoic trace fossils are 

their only available record . 
In t he meantime, the quantified study of "ichnofabrics" has been 

establ i shed as a new field . It avoids the difficulty of palaeobiological 

analysis and promises to become useful in the framework of sequence and 

event stratigraphy . Neverthel ess it will remain true that the more we 

know about organisms, the better we can use their fossil records as 

biogeological tools. 
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Fig. l. The ichnogenus Scolicia reflects a mode of burrowing in which 

sediment is removed in front, passed along t he sides of the body and 
deposited as meniscoid backfill structure behind. When the animal crosses 
a sand/mud interface, this process leaves a phantom of its body shape, 

which is longer in Palaeozoic than in post-Jurassic examples. The latter 
were probably produced by irregular echinoids (Spatangoidea). The trace 
fossil record reflects their immigration into deep sea environments, where 
they evolved meandering behaviours for more efficient exploration of the 

food -bearing sed iment. 
Note: 
(d) This spiralling form vio l ates the foraging paradigm by systematic 
double or triple reworking of the same sediment (Ectosymbiotic 

fermentation?). 
(f) Improvement of the meander program (starter spiral no longer 

required) (from SEILACHER, 1986). 

~ 

Fig. 2. The ichpnogenus Nereites ref lects the burrowing act ion of an 
unknown worm-lik~ sediment feeder (enteropneust?) that processed the 

sed iment at the head end before stowing it in lobes aro und t he body. The 

cav ity behind the body became backfilled with finer {presumably faecal) 
material that was deposited either as a conti nuous string, as a meniscoi d 

structure oras serial ly or alternatingly arranged pellets. Oifferent 

biostrati nomic si tuations {epichnial, endithnial, hyp ichnial) lead to 

different preservational expressions of the trace fossil. 
Assuming that this very specific behaviour marks one group of animals, the 
fossil record reflects its behavioural evolution through the Phanerozoi c, 

particularly in deep sea environments . Note that the improvement of 

coverage is accompanied by a decrease in body size and that the Cambrian 
representative still had difficulties to execute the program: each turn 

was triggered by collision with the previous lobe. When this trigger 

failed (asterisked) , the animal nevertheless produced a kink before 

turning (from Seilacher 1986). 

Fig. 3. Graphoglyptid trace fossils are found on the erosional sole faces 

of flysch turbidites. In contrast to the burrows of true sediment 

feeders they lack backfill structures and avoid close contact with 
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previous parts of the system. Nevertheless programs and patterns 
are overly elaborate. Short cuts and preservational details also 
suggest that there must be open tunnel systems which became 
repeatedly revisited. Therefore it is assumed that the tunnels 
served as mushroom gardens for microbial symbionts that could draw 
nutrients from areas around the tunnels. Pattern diversity in this 
and other groups of graphoglyptids would then not express 
adaptational radiation, but character displacement in the sense of 
door keys, that is only open to utilization by a specific group. 

Instituto Juan March (Madrid)



71 

F i g. 1 • 

SHELF; FLYSCH FACIES 
_ _ post-turbidite 1 pre-turbidite association 
-- -- - - - -- - 1 - - - - --

- - l 
1 

1 
_____ L__ __________________ _ 

1 

ECHINOID 

SCOLICIA epichnio l hypichn ial endichnial Instituto Juan March (Madrid)



N o 
z 
w 
ü 

ü 
o 
N o 
(/) 
w 
~ 

u 
o 
N o 
w 
_J 

~ 

SHELF 

72 
F i g o 2 o 

FLYSCH FACIES 

1 cm 

U.Cretaceous- Eocene ~ 

NEREITES Instituto Juan March (Madrid)



GRAPHOGL YPTIDS 1 
. non- branctied meanders 

problems in 
program execution 

~ r-efJ ~ 
-~ ,2&, (1~ 

·~,'1!»"3 
~ ~~ 

h ,· · :..· , / ~J .' li_, . ,,' 

; ~ . : ~ ~ ' . 
' \ . 

e 

·.~ f\! 

)~ ?:,~, ,~~~0~ 
,tl) D;~ ~, ~~~· a 1... ...._ _ 1.1 _ 1 

multi-storey spirals 
(surplus coils dotted) 

., 
<D 

"" 

-....! 
ú) 

Instituto Juan March (Madrid)



EARLY METAZOAN EVOLUTION: 
THE FIRST SKELETONS AND BURGESS 

SHALE-TYPE FAUNAS 

S. Conway Morris 

Department of Earth Sciences 
University of Cambridge 

Instituto Juan March (Madrid)



77 

The main component of my lectures is to deal with the early evolution 

of metazoans. This is not only an area of rapidly growing research 

interest, perhaps not quite deserving the sought-after "band-wagon" status, 

but one where there are problems of considerable intrinsic interest. Of 

equal importance, however, is that the study of early metazoan evolution 

not only has a general relevance to many areas of palaeontology, but is 

also attracting the interest of other disciplines. Most notable in this 

respect are molecular and evolutionary biologists, but valuable co

operation is possible also with geologists, chemists and oceanographers. 

General texts and monographs 

Not surprisingly, there is no general text that covers the entire area of 
this course . Of sorne relevance are the following: 

BUSS, L.W. 1987. The evolution of individuality. Princeton. 

CAMPBELL, R.S.K. 1990. Palaeontological contributions to modern 
evolutionary theory: 1986 Mawson lecture. Austral. J. Earth Sci. 
27, 247-265. 

CLARK, R.B. 1964. Dynamics in metazoan evolution. Oxford 

CONWAY MORRIS, S., GEORGE, J.D., GIBSON, R. & PLATT~ H.M. (eds.). 1985. 
The oriqins and relationships of lower invertebrates. Systematics 
Association Special Volume 28. 

GLAESSNER, M.F. 1984. The dawn of animal life. Cambridge . 

GOULD, S.J. 1990. Wonderful life. The Burgess Shale and the Nature of 
History . Norton. 

HOFFMAN, A. & NITECKI, M.H. (eds.) . 1986. Problematic fossil taxa . 
Oxford Monographs on Geology and Geophysics 5. Oxford Uni versity 
Press, New York. 

HOUS E, M.R. (ed.). 1979. The oriain of maior invertebrate qroups . 
Systematics Association Special Volume 12. 

LOWENSTAM, H.A. & WEINER, S. 1989. On biomineralization. Oxford 
University Press. 

RUNNEGAR, B. 1982. The Cambrian explosion: animals or fossils? 
J. geol. Soc. Aust. 29, 395-411. 

SIMONETTA, S.M. & CONWAY MORRIS, S. (eds). 1991. The earlv evolution 
of Metazoa and the siqnificance of problematic taxa. Cambridge 
University Press. Instituto Juan March (Madrid)
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TAYLOR, P.D. & LARWOOD, G.P. (eds.). 1990. Majar evolutionary 
radiations. Systematics Association Special Volume 42. 

VALENTINE, J.W. et al. 1991. The biological explosion at the 
Precambrian-Cambrian boundary. Evolutionary Biol. 25, 279-356. 

VERMEIJ, G.J. 1987. Evolution and escalation. Princeton. 

The four lectures will address the following points and problems: 

l. Early metazoan evolution: the first skeletons 

The objective record, to deal with the variety of biominerals 

(following on from the previous lectures by Fernando Alvarez) and the 

fossil evidence. This will begin with Cloudina and the calcareous algae in 

the late Precambrian and then proceed to review the evidence of a wide 

variety of skeletal taxa during the early Cambrian. 

What mechanisms were responsible for this irruption in the Cambrian? 

Here we contrast the known changes in the environment , involvin9 pos s ible 

changes in ocean chemist ry and atmospheric composition, with biological 

changes , especia ll y the rise of predators. Disentangling these two is not 

easy, but the weight of ev idence in favour of predation hypotheses is 

growing. 

There is no doubt that the widespread onset of biomineralization was 

polyphyletic, but just how many times it evolved is uncertain for two 

reasons. First, the early stages of metazoan evolution are only just 

beginning to be understood in any detail, a tapie which is returned to 

below. Second, although the mechanisms of biomineralization, including the 

nature of the organic templates, are beginning to be documented, very 

little is known yet about the gene sequences that underlie the entire 

process. When such data ar~ available, we may find that seemingly 

unrelated groups share common genetic mechani sms for biomineral secretion. 

Many of these questions are still unan swered, but in respect of our 

knowledge of early skeletal faunas there ha s been quite considerable 
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improvement in understanding because of extensive documentation of various 

Lower Cambrian fossil assemblages. Much of the initial credit must go to 

Russian and Chinese palaeontologists, who provided initial documentation of 

richly fossiliferous strata, especially in Siberia and south China. 

However, insufficient appreciation of taphonomic variants, and more 

importantly that many skeletons were originally composite with a single 

species of organism bearing numerous skeletal elements (spicules, 

sclerites), often showing a variety of morphologies, led to sorne confusion. 

These problems are partly, but by no means entirely, resolved. What is 

possible, however, to identify a number of major clades, whose place in the 

grand scheme of metazoan phylogeny will be returned to below. In brief, 

the principle clades that can be recognized are as follows: 

Molluscs (especially monoplacophorans), brachiopods and 

"pseudobrachiopods", sponges (and archaeocyathids), echinoderms, arthropods 

(especially bradoriids), chaetognaths (as protoconodonts), priapulids (as 

palaeoscolecidan sclerites), anabaritids, carinachitiids, tommotiids, 

coeloscleritophorans (halkieriids, sachitiids, siphogonuchitiids, 

chancelloriids), cambroclaves; to which could be added a number of taxa 

whose assignment to any higher taxon remains problematic. 

A detailed review of these groups is neither possible, nor probably 

desirable. Rather three aspects will be emphasized: 

(a) What was the original disposition of the soft-parts, especially in 

sc lerites that originally formed a scleritome? 

(b) What was the original mineralogy and ultrastructure of these early 

ske letons? Recrystallization and replacement of primary bi omineral s has 

confused the picture, but study of polished and etched sections can be 

highly informative. In addition impress ion of skeletal ultrastructure on 

ste inkern surfaces and casts of endolithic borings are a valuable source of 
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information. It is also clear that many supposedly phosphatic skeletons 

owe their composition to diagenetic replacement. However, it is still very 

difficult to assess whether the use of phosphatic biominerals was unusually 

prevalent in the Cambrian. 

(e) What are the wider relationships of sorne of these early skeletal 

groups? The main purpose of this discussion is not to add to the raster of 

extinct Cambrian phyla, but to place these groups into the framework of 

metazoan phylogeny. 

Early metazoan evolution: the first skeletons 

The physical environment 

AHARON, P., SCHIDLOWSKI, M. & SINGH, I.B. 1987. Chronostratigraphic 
markers in the end-Precambrian carbon isotope record of the Lesser 
Himalaya. Nature 327: 699-702. 

BOND, G.C., NICKESON, P.A. & KOMIAZ, M.A. 1984. Breakup of a super
continent between 675 Ma and 555 Ma: new evidence and implications 
for continental histories. Earth Planet Sci. Letters 70, 325-345. 

BRASIER, M.O. 1982. Sea-level changes, facies changes and the late 
Precambrian-early Cambrian evolutionary explosion. Precambrian Res . 
17' 105-123. 

BRASIER, M.O. et ~- 1990. The carbon and oxygen-isotope record of the 
Precambrian-Cambrian boundary interval in China and Iran and their 
correlation. Geol. Mag. 127, 319-332. 

CONWAY MORRIS, S. 1987. The search for the Precambrian-Cambrian 
boundary. Amer. Scient. 75, 156-167. 

COOK, P.J. & SHERGOLD, J.H. 1984. Phosphorites and skeletal evolution 
at the Precambrian-Cambrian boundary. Nature 308, 231-36. 

COWIE, J.W. & BRASIER, M.O . (eds.) 1989. The Precambrian-Cambrian 
Boundary. Clarendon: Oxford. 

HOLSER, W.T. 1977. Catastroph ic chemical events in the history of the 
ocean. Nature 267, 403-8. 

KNOLL, A.H. et ~· 1986. Secular variation in carbon i sotope ratios 
from Upper Proterozoic succession of Svalbard and East Greenland. 
Nature 321: 832-838. 

LAMBERT, I.B., WALTER, M.R., ZANG WENLONG, LU SONGNIAN & MA GUOGEN. 
1987. Palaeoen vironment and carbon isotope strati graphy of Upper 
Proterozoic carbonates of the Yangtze Platform. Nature 325, 140-142. 
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MAGARITZ, M., HOLSER, W.T. & KIRSCHVINK, J.L. 1986. Carbon-isotope 
events across the Precambrian/Cambrian boundary on the Siberian 
platform. Nature 320, 258-59. 

SANDBERG, P.A. 1983. An oscillating trend in Phanerozoic non-skeletal 
carbonate mineralogy. Nature 305, 19-22. 

TUCKER, M.E. 1986. Carbon isotope excursions in Precambrian/Cambrian 
boundary beds, Morocco. Nature 319, 48-50. 

TUCKER, M.R. 1989. Carbon isotopes and Precambrian-Cambrian boundary 
geology, South Australia: Ocean basin formation, seawater chemistry 
and organic evolution. Terra Nova 1, 573-582. 

WILKINSON, B.H . et ~· 1985. Submarine hydrothermal weathering, global 
eustasy, and carbonate polymorphism in Phanerozoic marine oolites. 
J . Sed . Pet. 55, 171-83. 

The fossil record of early ske letons 

AL LISON , C.W. & HILGERT, J.W. 1986. Scale microfossils from the early 
Cambrian of northwest Canada. J. Paleont. 60, 973-1015. 

BENGTSON, S. 1977. Aspects of problematic fossils in the Early 
Palaeozoic. Acta Univ Uppsala 415: 1-71. 

BENGTSON, S. 1983. The early history of the Conodonta. Fossils and 
Strata 15, 5-19. 

BENGTSON , S. 1985. Taxonomy of disarticulated fossils. J. Paleont. 
59, 1350-1358 . 

BENGTSON, S. & CONWAY MORRIS, S. 1984. A comparative study of Lower 
Cambrian Halkieria and Middle Cambrian Wiwaxia. Lethaia 17, 307-29. 

CONWAY MORRIS, S. & JENKINS, R.J.F. 1985. Hea led injuries in Early 
Cambrian trilobites f rom South Australia. Alcherinqa 9, 167-177 . 

DONOVAN, S. & PAUL, C.R.C. 1985. A new possible armoured worm from the 
Tremadoc of Sheinton, Shropshire . Proc. Geol. Ass. 96, 87 -91. 

FRITZ, W.H. & YOCHELSON, E.L. 1988. The status of Sa ltere ll a as a 
Lower Cambrian index fossil. Can. J. Earth Sci. 25, 403-416. 

GERMS, G.J.B. 1972. New she lly fossils from Nama Group, South West 
Africa. Am. J. Sc i . 272, 752-61 . 

GORYANSKY , V. YU. & POPOV, L. YE. 1986. The morphology, systematic 
position and origin of inarticulate brachiopods with carbonate 
shells. Paleont . J . 1986(3), 1-11. 

LOWENSTAM, H.A. & MARGULIS, L. 1980. Evolutionary prerequisites for 
early Phanerozoic calcareous skeletons. BioSystems 12, 27-41. 
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MATTHEWS, S.C. & MISSARZHEVSKY, V.V. 1975. Small shelly fossils of 
late Precambrian and early Cambrian age: a review of recent work. 
Q. Jl. geol. Soc. Lond. 131: 289-304. 

PAUL, C.R.C. & SMITH, A.B. 1984. The early radiation and phylogeny of 
echinoderms . Biol. Reviews 59 , 443-81. 

PEEL, J.S. 1991. Functional morphology, evolution and systematics of 
Early Palaeozoic univalved molluscs. Bull. Gron. Geol. Under . 161. 

PREVOT, L. & LUCAS, J. 1986. Microstructure of apatite-replacing 
carbonate in synthesized and natural samples. J. Sed. Petral. 56, 
153-159. 

RIDING, R. 1982. 
chemistry. 

Cyanophyte calcification and changes in ocean 
Nature 299, 814-15. 

ROWELL, A.J. & CARUSO, N.F. 1985. The evolutionary significance of 
Nisusia sulcata, an early articulate brachiopod. J. Paleont. 59, 
1227-1242. 

RUNNEGAR, B. 1980 . Hyolitha: status of a phylum. · Lethaia 13, 21-25. 

RUNNEGAR, B. 1983. Molluscan phylogeny revisited . Mem. Ass. Australas 
Palaeontols 1, 121-144. 

RUNNEGAR, B. 1985. Shell microstructures of Cambrian molluscs 
replicated by phosphate. Alcherinqa 9, 245-257. 

SMITH, A. 1988. Patterns of diversification and extinction in early 
Palaeozoic echinoderms . Palaeontology 31, 799-828. 

SPRINKLE, J. 1980. ln Echinoderms, notes for a short course (eds. T.W. 
Broadhead & J.A. Waters) . Univ. Tennes see Dept. Geol. Sci. Stud. 
Geol. Vol . 3. 

STANLEY, S.M. 1976. Fossil data and the Precambrian-Cambrian 
evolutionary transition. Am. J. Sci. 276: 56 -76. 

SZANIAWSKI, H. 1983. Structure of protoconodont elements. Fossils and 
Strata 15, 21-27. 

TYNAN, M.C. 1983. Coral-like microfossils from the Lower Cambrian of 
California. J. Paleontol. 57, 1188-1211. 

YOCHELSON, E. L. 1977. Agmata, a proposed extinct phylum of early 
Cambrian age . J. Paleont. 51, 437-454. 

2. Early metazoan evolution: trace fossils , soft-bodied faunas and the 
Burgess Shale 

It is the pursuit of this majar question that leads on to the 

documentation of the soft-bodied and lightly skeletalized component of 

Cambrian faunas. In normal circumstances of fossil preservation the only 
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avenue to documenting this area is via trace fossils. Despite the inherent 

difficulty in their study, especially linking maker to trace, the 

importance of ichnological data for understanding early metazoan evoluti on 

should not be underestimated. Most obvious is the dramatic increase in 

trace fossil diversity close to the Precambrian-Cambrian boundary, 

coincident with or perhaps slightly preceding ·the widespread appearance of 

ske letons. Why Ediacaran ichnotaxa are largely two-dimensi onal i.e. no 

vertical burrows and simple is difficult to understand in the absence of 

information of body fossils. What is clear from the Cambrian record is 

that styles of behaviour and sophistication of activity changed 

substantially. As yet no serious attempt has been made to put these data 

into the context of metazoan evolution, especially with regard to anatomy, 

e.g. morphology of burrowing organ, walking appendage and associated neural 

connections. 

The so-called "Cambrian explosion" would, therefore, have been 

entirely apparent f rom the trace-fossil record alone, self-evident even if 

skeletons had never evolved. 

Information on the soft-bod ied animals from the Cambrian is, 

nevertheless, an essent i al part of the story. The principal source is, of 

course, the Burgess Shale fauna from the Middle Cambrian of British 

Co lumbia, close to the town of Field. Two other more recently-discovered 

faunas are adding invaluable new information. 8oth are from the Lower 

Cambrian, and comprise the Chengiang fauna from the Chiungchussu Formation, 

Yunnan Province, China and the slightly younger Sirius fauna from the Buen 

Formation of Peary Land , Greenland. In addition there are more than 30 

Lower and Middle Cambrian faunas that have yielded elements of Burgess 

Shale -type taxa. Of these localiti es in Utah, USA are most prolific, but 

searc h strategies for new occurrences sugge st ·that many more Burgess Shal e-
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type faunas should be discovered. 

These remarkable faunas allow inspection and discussion of a number 

of important topics. 

(a) Are Burgess Shale-type faunas representative of Cambrian marine life 

as a whole? In general, the answer seems to be yes, because if it is 

hypothesized that only well-skeletalized taxa had survived (i.e. 

trilobites, brachiopods, hyoliths, molluscs) then the impoverished 

assemblage is indistinguishable from a "normal" Cambrian fauna. This is 

certainly true of the Burgess Shale itself, but the Sirius fauna, for 

example, may be more peculiar. 

(b) What is the palaeobiogeography of these faunas? Strong similarities 

between the Burgess Shale and Chengjiang, located on separate cratons, can 

be explained by a simple oceanographic model . The Sirius fauna, howeve r , 

which shares a Laurentian location with the Burgess Shale, is somewhat less 

similar. Why? 

(e) What is the taxonomic profile of Burgess Shale-type faunas? They 

share an abundance of arthropods, and are also characterized by priapulid 

worms, sponges and a wide variety of seemingly miscellaneous forms. Taxa 

with robust hard-parts form an insignificant proportion both in terms of 

number of genera and individuals. 

(d) The relative completeness of these faunas allows more reliable 

inferences on palaeoecology, especially with regard to life position and 

feeding habits. In the latter category we observe an abundance of 

predators. 

(e) There now seems to be good evidence that a number of taxa in Burgess 

Shale-type faunas are closely related to forms hitherto thought to be 

restricted to Ediacaran assemblages. Such "Ediacaran survivors" may help 

to resolve sorne of the controversies that surround the Vendobionta. 
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(f) The exceptional taphonomic conditions of Burgess Shale-type 

preservation result in preservation of not only soft-parts, but also 

articulated scleritomes. Most spectacular in this context is the recent 

discovery of articulated halkieriids from the Sirius fauna, which 

complements earlier descriptions of wiwaxiids and chancelloriids from the 

Burgess Shale itself. In addition recognition of in situ plates of 

Microdictyon, in association with early onychophores has led to several 

radical revisions, including the hitherto enigmatic Hallucigenia. 

(g) The most important aspect of these faunas, however, is that relevance 

to understanding early metazoan evolution . It is convenient to subdivide 

this question into two tapies, albeit somewhat arbitrarily separated. 

(i) Within well documented clades, such as the arthropods and 

priapulids, documentation of taxa is invaluable to establishing . possible 

phylogenies. 

(ii) Of poss i bly greater significance is understanding the 

supposedly problematic taxa, sorne with seemingly bizarre morphologies e.g. 

Halluciqenia, Eldonia, Anomalocaris, Opabinia. It is now clear that the 

way is open, at least in principle, to integrating these data into the 

scheme of metazoan phylogeny. 

A11 this information and discussion is merely designed, however, to 

think how best to address sorne of the major problems of palaeobiology, 

those for the 21st century. 

(a) Are the mechanisms of evolution operating during the Cambrian 

explosion different from those at other times? Is the undoubted increase 

in range of morphologies and behaviour over a relatively short period of 

geological time a product of novel evolutionary processes? 

(b) What will the emerging story from developmental biology tell us about 

the organization of morphology, especially at a basic level such as 
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segmentation. What relevance do these studies have to understanding the 

Cambrian diversifications? 

(e) Is there any useful way we can address the problem of how much 

morphospace or morphovolume was occupied during this initial radia ti on? 

Objective data strongly suggests that at least sorne groups occupation of 

morphospace (or disparity) increases through geological time. This may 

well hold for Cambrian faunas as a whole when compared with younger 

assemblages. Is there any sense i n which there is a limit to morpho space 

occupation, towards the notion of a set of "idea l morphologies"? 

(d) Does the much-vaunted notion of contigency as an historical process 

in evolutionary radiations have any bearing on our understanding of the 

"Cambrian explosion "? 

Early trace fossils 

ALPERT, S.P. 1977. Trace fossils and the basal Cambrian boundary. In 
Trace Fossils, 2 (eds. T.P. Crimes and J.C. Harper). Geol. J. spec. 
Issue 9, 1-8 . 

ALPERT, S.P. & MOORE, J.N. 1975. 
for predation on trilobites. 

Lower Cambrian trace fossil evidence 
Lethaia 8, 223-230. 

CRIMES, T.P. 1987. Trace fossils and correlation of late Precambrian 
and early Cambrian strata. Geol. Maq. 124, 97-119. 

CRIMES, T.P. & ANDERSON, M.M. 1985. Trace fossils from late 
Precambrian strata of southeastern Newfoundland (Canada): temporal 
and environmental implications. J. Paleont. 59, 310-43. 

DROSER, M.L. & BOTTJER, D.J. 1988. Trends in depth and extent of 
bioturbation in Cambrian carbona te marine environments, western 
United States. Geoloqy 16, 233-236. 

HARDING, S.C. & RISK, M.J. 1986. Grain orientation and electron 
microprobe analyses of selected Phanerozoic trace fossil margins, 
with a possible Proterozoic example. J. Sed. Petral. 56, 684-696. 

JAEGER, H. & MARTINSSON, A. 1980. The early Cambrian trace fossil 
Plaqioqmus in its type area. Geol. Foren. Stock. For. 102, 117-126. 
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Burgess Sha le-type faunas 

Burgess Shale 

BRIGGS, D.E.G. & COLLIN S, D. 1988. A Middle Cambrian chelicerate from 
Mount Stephen, British Columbia. Palaeontology 31, 779-798. 

BRIGGS, D.E .G. & WHITTINGTDN, H.B. 1985. Modes of life of arthropods 
from the Burgess Sha le, British Columbia. Trans. R. Soc . Edinb. 76, 
149-1 60. 

CONWAY MORRIS, S. 1979. The Burgess Shale (Middle .Cambrian) fauna. 
Ann. Rev. Ecol. Syst. 10, 327-349 . 

CONWAY MORRIS, S. 1986. The community structure of the Middle Cambrian 
Phyllopod bed (Burgess Shale). Palaeontology 29, 423-467. 

CONWAY MORRIS, S. 
exp losion. 

1989. Burgess Shale faunas and the Cambrian 
Science 246, 339-346. 

CONWAY MORRIS, S. 1989. The persistence of Burgess Shale-type faunas: 
implications for the evolution of deeper-water faunas. Trans. R. 
Soc. Edinb.: Earth Sci. 80, 271-283. · 

CONWAY MORRIS, S. 1990. Late Precambrian and ·cambrian soft-bodied 
faunas. Ann. Rev. Earth Planet Sci. 18, 101-122. 

CONWAY MORRIS, S. & PEEL, J.S. 1990. Articulated halkieriids from the 
Lower Cambrian of north Greenland. Nature 345, 802-805. 

CONWAY MORRIS, S. & WHITTINGTON, H.B. 1979. The animals of the Burgess 
Shale. Scient. Amer. 241, 122-133. 

CONWAY MORRIS, S. & WHITTINGTON, H.B. 19~5. Fossils of the Burgess 
Shale, a national treasure in Yoho Nat ional Park, British Columbia. 
Geol. Surv. Can. Miscell. Reo . 43, 1-31. 

RIGBY, J.K. Spo nges of the Burgess Shale (Middle Cambrian), British 
Co lumbia. Pal aeont . Canadiana 2, 1-105. 

WHITTINGTON, H.B . 1971. The Burgess Shale: history of research and 
preservation of fossils. 1st Symp . North Amer. Paleont. Conv. 1: 
1170-1201. 

WHITTINGTON, H. B. 1980. The significance of ·the fauna of the Burgess 
Shale, Middle Cambrian, British Columbia. Proc. Geol. Assoc. 91, 
127-148. 

WHITTINGTON, H.B. 1985. The Burgess Shale. Yale University Press. 

WHITTINGTON, H.B. & BRIGGS, D.E.G. 1985. The largest Cambrian animal, 
Anomalocaris, Burgess Shale, British Columbia. Phil. Trans. R. Soc. 
Lond. 8309, 569-609 . 
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New discoveries 

CONWAY MORRIS, S. 1985. Cambrian Lagerstatten: their distribution and 
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Self-organization of morphologies I: Morphodynamics 
In the reductionist stance of modern biology we have learned that 

all features of organisms are written down in the genome and that all of 
them have a biological function. The coming of chaos theory now makes the 
other, holistic approach acceptable again. In a world full of non
deterministic systems it makes sense to search for self-organizing 
mechanisms in morphogenesis and evolution, and to treat them as quasi
independent entities that first occur randomly, then get genomically 
adopted and eventually become tamed towards functions that Darwinian 
selection happens to discover. This principle is most obvious in 
repetitive patterns such as zebra lines, fractal leaf and wing venations 
and reticulate bone sculptures, where configurations vary not only between 
individuals, but also between right and left sides of the same specimen. 
In accretionary skeletons the autonomy of pattern formation is also 
expressed by repairs, in which untamed versions re -occur. 

In the old concept of constructional morphology, processes of this 
kind figured in the fabricational corner. In its expanded version 
("morphodynamics"), the inclusive organism is viewed as a dynamic system, 
of which the "effective environment" forms an integral part. Taphonomy 
extends this view into the post-mortem history of organisms, when the 
carcass becomes the passive object of a non-specific environment. 

Literature 
GLEICK, J. 1988: Chaos. Makinq a new science. Penguin Books. 
MANDELBROT, B.B. 1983: The fractal qeometry of nature . Freeman, San 

Francisco. 
SEILACHER, A. 1991: Self-organizing mechanisms in morphogenesis and 

evolution. In: SCHMIDT-KITTLER, N. & VOGEL, K. (eds) Constructional 
morphology and evolution, 251-271, Springer-Verlag, Berlin, 
Heidelberg. 

Fig. l. In the morphodynamic view biological form is never static, but 
either in the state of buildup, maintenance, or decay. Given structures 
and their changes in ontogeny, evolution can be understood in the 
constraining frame of tradition, function and fabri cation, with addition 
of the effective environment as a fourth corner. Change in any of the top 
three corners may cause an evolutionary transformation. 
Death puts an end to the feedback system of the inclusive organism. 
Nevertheless the entropic recycling of the carcass is not always complete 
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but may be stopped at any stage by fossilization. Singular events, such 
as bacterial mineralization, prefossilization and selective weathering 
(shaded areas) may upgrade, rather than dilute, the information during 
taphonomic history. 

Fig . 2. The autonomy of pattern-forming processes is expressed by 
different rrintouts on the two sides of bilateral organisms. Zebra 
patterns involve a critical distance between colour bands or ribs. In 
accretionary skeletons they transform into divaricate chevrons or radial 
ribs. The apparent violation of t his asymmetry in the stegocephalian 
skull resulted f rom the reconstruction of the shaded areas by an over
enthusiastic preparator. In all cases the ri ght side of the same specimen 
is shown as mirror image (from Seilacher 1991). 

Fig. 3. The intricate me shwork of a dragonfly wing can be simulated by 
placing soap bubbles between a wire frame copying the pattern of the 
primary ribs. This (and the right/left asymmetry in actual wings) 
suggests that a similar proces s is involved in morphogenesis. In the 
"walking leaf", Phyllium, the low-order reticulation shows acute angles 
that are in conflict with the soap bubble model. Obv ious ly, the mimetics 
resulted not from copying, but from using a similar morphogenetic process 
as underlies the leaf venation of dicotyledon angiosperms. The latter 
resembles a bubble float in advanced forms, although there is an excessive 
number of four-way crossings. High magnification (in Castanea) and 
comparison with more primitive groups reveals that the meshwork arises 
from dendroid fractals "sprouting " into higher order meshes of the 
expanding leaf. Only branches that approach higher-order veins i n the 
right loci (middle between branching points) are allowed to link and 
establish new meshes. 
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Self-organization of morphologies II: Accretionary shells 
Theoretical morphology has taught biologists that few informational 

and no vitalistic forces are required to generate seemingly complex and 
pleasing shell geometries. These computer-based studies can now be 
complemented by a very simple candle experiment, in which growth lines and 
remarkably naturalistic shell shapes result from the mutual interaction of 
a soft and a stiff stage in a self-organizing feedback system. Thus, it 
becomes possible to single-out the signals of adaptational taming from the 
background of fabricational noise in real shell forms . But we can also 
learn how different fabricational processes (logarithmic shell growth , r ib 
intercalation, spine generation) interact to create hier archical systems 
of morphological information. In sorne cases (muricid varices, ammonite 
sutures), this morphogenetic memory becomes reactivated only at rhythmical 
intervals (spine production, coordinated "crawling" of tie points). 

As a yet more general conclusion, hard parts are not mere additions 
to pre-existing soft-bodied constructions, but act .as chief modifiers of 
organismic bauplans. Therefore it was possibly the adoption of 
biomineralized skeletons that caused the sudden emergence of new 
bilaterian phyla during the Cambrian explosion. 

Literature 
RAUP, D.M . 1966: Geometric analysis of shell coiling: general problems. 

Journal of Paleontology, 40, 1178-1190. 
SAVAZZI, E. 1990 : Biological aspects of theoretical shell morphology. 

Lethaia , 23, 195-212. 
SEILACHER, A. 1972: Divaricate patterns in pelecypod shells. Lethaia 5, 

325-343. 

Fig. l. Accretionary shells reflecta hierarchy of self-organizing 
mechanisms. The basic process is the addition of new calcified growth 
rings inside a sausage-like hydrostatic structure formed by the mantle 
margin and the as yet uncalcified periostracum. The shapes of these 
increments are controlled (1) by the tension of the marginal pneu, (2) by 
the shape of the previous calcified growth ring (including occasional bite 
marks) and (3) in bivalves or attached forms by the shape of a hard 
counterpart, to which the marginal pneu is appressed. The latter control 
may lead to allomorphic sculptures that render a distorted, but otherwise 
exact replica of the substrate. Another possibility is that the two 
valves do not exactly occlude at the commissure. The consequences are 
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equivalveness with regard to vaulting and sculpture, or the development of 
twisted or folded shells. 

Fig. 2. Shell ribs (in contrast to shell folds; Fig. 1) tend to be 

negatively allometric. During growth, their number increases by 
intercalation of new ribs, whose hierarchy can be used to regulate other 
morphogenetic differentiations (e.g. hierarchically sized and distanced 
spines). In Murex pecten, varix spines respond to one signal, but in 
hierarchic succession. Thus their angular positions change so much that 
around the siphonal tube a cage is formed for prey catching. Haustorium 
(upper left) forms a free inner lip (to be resorbed before growth can 
continue) at each varix position. Since this part lacks the information 
of spiral ribs, a divaricate program is used instead. Spondylus ribs 
produce spines of varying size and distances according to their hierarchic 
order. In Spondylus mirabilis (lower right) "enslaved" lower order ribs 
adjust spine distances to those of their larger neighbours, but locally 
distort the resulting tridents by falling back into their own rhythm. 

Fig. 3. Divaricate patterns come in different morphological or structura l 
expression. In all four expressions we find species in which the pattern 
is still chevron-like, highly variable, and has no obvious function. They 
are interpreted as having serendipitously "adopted" the pattern-forming 
process. As soon as selection discovers a functional use, these self
organized patterns become "tamed" into shapes conforming to the new 

paradigm (modified from SEILACHER 1972). 

Instituto Juan March (Madrid)



"O 
11> 

e 
11> 

•E •• 5u 
a. 
:; 
(J ., 
(J 

:¡:: 
c. 
o 
E 
o 
=¡jCI 

;;; 
• • >-..e 

98 

Instituto Juan March (Madrid)



99 

Instituto Juan March (Madrid)



100 

Instituto Juan March (Madrid)



FRONTIERS IN P ALAEOBOTANY 

R . A . Spicer 

Earth Sciences Department 
Oxford University 

Instituto Juan March (Madrid)



103 

lntroduction 

The study of plants past and present is a key element in understanding aii aspects of 

Earth systems processes. Creen plants are of fundamental importance to all Ji fe on Earth. 

They trap solar energy and convert and store it in a form u sable by aii ecosys tem 

components, they determine the environment within which most animals exist, co

evolutionary facto rs between plants and animals ha ve shaped the fonn and relationships 

within both kingdoms, and land plants in particular ha vean intima te relationship with 

thc a tmospherc which strongly influcnccs both atmosphcric composition and cl imate. 

Moreovcr the plant fossil record is a rich one in both marine and non-marine environments. 

lt preserves the most fundam c~ t a l elcments of thc history of Iife ata varicty of temporal 

and spa tial scales, and records in considerable detail climatic changes over the past 400 

million years. Plants affect eros ion and sedimentation rates and future palaeobotanical 

rcsearch will also ha ve a bearing on crustal dynamics . 

Thc fossil record provides the only perspcctive against which present and future changes in 

biological, physical, and chcmical changes in thc Earth system may be assessed. For the 

foresccable future palacobo tanical resea rch is Iikely to be, and should be, providing long 

term perspecti ves of global change from which pred ictive tools and safe future global 

ma nagement practices may be derived. 

l'lant Taphonomy 

Plants rarely if cver fossilise as whole organisms and mos t plant fossils represent 

indctcrminatc numbcrs of isolatcd organs, shcd pcriodically or continually, throughout the 

Iifcti mc of a plan t. Thc fragmcn tary nalurc of thc plan l fossi l record has lcd to thc 

developmcn l of a systcm of taxonomy and nomcnclaturc ra thcr diffcrcnt to that for 

animals. For cxample it is not unusual for a single fossil plant lo be represented by an arra y 

of generic and spccies na mes (fig. 1) (scc papcrs in Spicer and Thomas, 1986). 
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Sorne organs such as pollen grains, spores, or seeds ha ve special morphologics that 

enhance transport away from the si te of growth while others such as stems or roots ha ve 

limited transport potential. Sorne plan! parts are inherentiy robust, are slow to dccay, and 

have high reworking potential (eg pollen / sporcs, logs) whilc othc rs such as leavcs are 

usually destroyed when reworked (e .g. lea ves and flowers) and therefore provide high 

temporal resolution for community reconstruction. 

The planar nature of rnany plan! organs (e.g. lea ves) and variable submerged 

densities produced by progressive saturation and decay confound the theoretical modelling 

of their fluid dynamic properties . Nevertheless empi rica l approaches ha ve demonstrated 

that fall velocities (a common componen! oí most fluid dynamics equations) of lea ves lie 

within narrow and predictable ranges (figs. 2 & 3). This results in consisten! patterns of 

distribution by wind and successful modelling of the behaviour of populations of lea ves 

under a variety of flow regimes in water. Plant taphonomic studies have shown that the 

processes that form allochthonous leaf assemblages, far from destroying ecolog ica l 

in fo rma tion, can preserve spa tial, temporal and even structural details of the source 

vegetation (e.g .. Spicer, 1981; Burnham and Spicer, 1986; Spiccr, 1989). Biostratinomic 

sort ing has profound implications fo r asscmblagc fo rma tion particularl y rcga rd ing 

palaeoclimatic interpretations, but it is clea r that many of the biascs are prcdictablc and 

may be overcome by applying envi ronmen t-specific algorithms or by sampling asscmblagcs 

from a range of sedimentary facies and taphofacics. 

Comparatively few studies of pollen/spore taphonomy ha ve been undertaken but 

those that ha ve (e.g .. Holmes, 1990) havc shown thc dangcrs of simpli stic intcrprctation 

based on single cores or sections. Far more rcsearch is needcd rcgard ing palynomorph 

reworking on a variety of temporal sea les, and thc rclationships bc twecn thc broad rangc of 

palynological organic matter (pollcns, sporcs, and fragmcnts of cuticlc, wood ti ssuc, resins 

and charcoal) that comprise palynofacics. 

Molecular studies are beginning to show importan! differenccs in the durability of 

plant components. In particular analysis of plant cuticles ha ve shown them to be more 

complex than previously thought and that preserva tion potential is strongly d ependan! 

upon the relative proportions of the polymers cutin and cutan (Tegclaar et al. 1991). 

Plant Palaeoecoloc;y 

For many years plant palaeoecology was largely based on taxonomic lists and little 

more than informed irnagination. It was not un usual for ancient communities to be 

reconstructed by direct analogy with Present communitics: an approach that invited a 

static view of vegetation and denied evolution of the community in spite of evolution of the 

individual elements. The influence of greater taphonomic insight has led to more rigorous 

assessments (both qualitative and quantitative) of plant assemblages and thcir 
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relationships to their entombing sediments. Quantitative sampling involving the concept of 

the sedimentation unit, rarefaction curves to determine sample size, and multivariate 

statistics to detect pattems are now commonly used in plant palaeoecology (e.g .. DiMichele 

and Wing, 1988; Farley, 1990). 

The most detailed windows on the past are inevitably provided by autochthonous 

or parautochthonous assemblages and recen U y great strides have been made in our 

understanding of Carboniferous mire vcgetation by detailed excavations of forest floor sites 

(DiMichele and DeMaris, 1987; Gastaldo, 1987). 

In general most palaeoecological information resides in allochthonous assemblages 

but to date few studies ha ve been carried out where detailed community structure has been 

determine<! from specific taphonomic "corrections" applied to single sites. A more practica! 

approach has been to sample a wide range of assemblages from a varicty of sedimentary 

facies within a basin. In this way consisten! community associations with respect to specific 

depositional environments may be identified and regional dominants that may be under

represented in any single assemblage may be identified from their ubiquitous occurrence 

(Spicer and Parrish, 1986; Spicer, 1987; Spicer and Parrish, 1990) (fig . 4). 

As plant material is transporte<! it is fragmente<! by both biological and physical 

processcs into ever smaller particles. Not surprisingly much of this material goes 

unrecorded but it can contain considerable palaeoecological inforrnation primarily relating 

to the less robust elements of the source vegetation. At present it is impossible to make 

generali sations regarding taphonomic factors or plant palaeoecology based on such 

fragmentary material and clearly more research is required in this field (Kerp, 1990, etc.). 

At a more microscopic scale still are the organic particles that comprise palynofacies. Here 

instead of examining the traditional pollen and spore preparations where other 

biologically derived material is oxidised away, all organic debris is examined. At present 

little is known regarding the relationship between palynofacies and source vegetation or 

depositional environments but it has been wcll demonstrated that such relationships exist 

(Lorente, 1990). 

The move to study populations of whole and fragmente<! plant parts inevitably 

results in a taxonomic "log jam": far more fossil material is rccovened than can be given a 

formal taxonomic treatment. Consequently there ha ve been severa! calls for computer-based 

data acquisition and recording systems. The most radical proposal is that of Hughes (1990) 

who makes a strong case for abandoning thc Linncan binomial system and moving toa 

"biorecord" or palaeontological data handling system that would operate in parallel with 

conventional sys tematics while still enabling data recording and communication. Similar 

rcvisions of classification systems are underway with rcspect to "palynological organic 

matter" that compri se palynofacies. 
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Plants and Bio&eo&raphy 

Studies of plant palaeobiogeography based on taxon distributions provide a vital 

framework for plant evolutionary studies. Increasingly however the emphasis will be 

towards global palaeovegetation modelling because of the fundamental role that plants 

play in determining atmospheric composition, erosion and sediment deposition, faunal food 

and ecos pace, and the fluxes in the hydrologic cycle. Photosynthetic land plants are 

spatially fixed post-germination and lo produce food they process water from the substrate 

and the gases C02 and 02 from the atmosphere. They ha veto do this as efficiently as 

possible under the conditions they are exposed to and in the course of evolution both 

vegetational communities and their componen! plants ha ve developed morphologies and 

architecture that are characteristic of particular environmental conditions. By studying 

these features and their patterns of distribution in both space and time global 

environmental change can be studied through extreme greenhouse and icchouse conditions: 

information that is vital to our understanding of the operation of global systems for future 

planetary rnanagement. 

Silurian and Devonian 

Early land plants in the Silurian and early Devonian typically consisted of 

leafless stems no more than a metre in height with rather simple vascular systems, 

stornatal organisation, etc. This early simplicity (a function of their evolutionary novelty) 

conferred a degree of xeromorphy that potentially enabled them lo occupy a widc range of 

environments. Their homosporous reproductivc systcm was also rathcr simple and tx.'Cause 

each spore was able to produce a new plant by selfing al the gametophyte stage rapid 

geographic spread was facilitated. This simplicity, however, introduces considerable 

difficulties in taxonomic assignment and phytogeographical analysis, but sorne distinct 

floral provinces are detectable by both subjective and statistical methods (Raymond et al. 

1985; Edwards, 1990). 

Carboniferous 

Phytogeographical differentiation becomes more pronounced in the Late Devonian 

and Carboniferous and is a function of increasing niche partitioning and concomitan! 

increases in morphological specialisation (Raymond et al. 1985). Variety of morphological 

complexity also allows higher resolution taxonomic treatment. The record of Carboniferous 

plant communities is dominated by that derived from the specialised coal-forming mires 

but even here we see evidence for temporal (apparently clima te driven) community change 

(Phillips and Peppers, 1985). 
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Pe rmian 

Clima te change, sea-leve! rise, and monsoonal circulation developed as Pangea 

assembled symmetrically about the equator. This is associated with a significan! loss of 

mire communities in the Permian. By analogy with modern vegetation/climate biomes 

Ziegler (1990) produced maps of Early and Late Permian vegetation showing considerable 

geographical differentiation (fig. 5). 

The Mesozoic 

In stark contrast the to Late Carboniferous and Early Permian most plant 

productivity was at high latitudes throughout the Mesozoic and low latitudes bccame 

seasonally arid . lt appears that at times of global warmth widespread tropical rain forests 

do not exist and areas of productivity maxima shift poleward: an observation that has 

profound implications for the Present world. 

Phytogeographic patterns for the Triassic when global monsoonal circulation was 

at its maximum (Kutzbach and Gallimore, 1989) are currently bcing assembled, but data are 

rather thin compared to the jurassic and Cretaceous. Notwithstanding continuous land 

connection between the northern and southern hemispheres, phytogeographic 

differentiation into Laurasian and Gondwanan provinces was strong. 

For sorne time it has becn bclicved that jurassic vcgetation was globally uniform 

but we now know that this is a false intcrpretation borne of taxonomic lumping with the 

well-documented floras of Yorkshire, UK. Taxon-based studies of jurassic floras even at sub

continent scales show a strong pattern of differentiation with respect to clima te and can 

even demonstrate anornalies resulting from thc movement of allochthonous tectonic 

terranes. High latitude floras from the Jurassic and Early Cretaceous exhibit broad lea ves 

anda high frequency of deciduousness associated with a strongly seasonal growth pattern. 

This is also reflected in characteristic tree ring pattems. Typical high latitude taxa 

include ginkgophytes, ferns, and conifers. At low latitudes the Cheirolepidiaceae, an 

extinct farnily of conifers, predominated (Vachrameev, 1978). While morphological 

variation within this family was high, possibly reflecting an array of specialised 

environmcntal adaptations, the group as whole was well suited to scasonally arid 

conditions (Alvin, 1982). 

This general floristic and clima tic pattern extended into the Late Cretaceous but 

with global cooling and competition from flowering plants the low-latitude 

cheirolepidiaceous forests waned. At high latitudes in both hemispheres cool temperate 

rain forests predominated, but with modera te taxonomic diffcrentiation betwecn north and 

south. Angiospcrms in particular seemcd to ha ve cxpcricnced fcw barricrs to migration and 

expanded from a low-latitude possibly western gondwanan origin in the Early Cretaccous to 

Arctic and Antarctic si tes by the la test Early Cretaceous. 
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Tertiary 

The potential for detailed phytogeographic studies in the Tertiary is enormous and 

sorne attempts ha ve airead y been made. However severa! problems complica te the issue. 

1) The similarity of many plant organs to living taxa has encouraged the 

application of modern na mes to fossil taxa: in sorne instances this might be justified but 

often it is not. Similarity between single organs does not establish identity of the whole 

plant or imply the same ecology. 

2) Many fossil floras survive that were laid down at altitude. This introduces a 

range of floristic heterogeneity not encountered in older rocks. 

3) To disentangle the complex pattems produced by 1 & 2 high resolution 

stratigraphy is required. 

Computer databases of fossil occurrences are being developed for pre-Tertiary and 

Quaternary material but the same approach is most urgently required for the Tertiary. In 

North America phytogeographic pattems produced in association with biotic and 

environmental change at the Cretaceous/Tertiary boundary are evident but the data need 

refining and the approach extrapolated to other regions where ecological trauma at the 

boundary is not so well pronounced. 

Futurc Dcvclopmcnts 

Most phytogcographic studies ha ve bcen, and no doubt will be, taxon-based beca use 

such data are to be found in existing literature. However from this type of minimal 

information multivariate statistical techniques can extract surprisingly detailed 

phytogeographic pattems. Subjective assessments of biomes as demonstrated by Ziegler 

have a strong future if only because they have an inherent link with climate, but care has 

to be exercised to avoid circularity of argument. New assemblages obviously should be 

investigated with vegetation reconstruction in mind and previously known assemblages 

will need to be re-investigated from a taphonomic viewpoint to achieve such aims. Studies 

iteratively coupling phytogeographic patterns and palaeoclimate modelling would seem to 

have considerable potential as the "spotty" spa tial resolution of the fossil record could be 

interpolated and the performance of the climate models enhanced . 

Plants and Climate 

The morphology and anatomy of land plants reflect clima te in a more or less direct 

manner. Plants ill-suited to a particular environment are quickly eliminated thus both the 

features of individual plants and of the vegeta ti ve community as a whole will equilibrate 

to the environment. This is easily demonstrated in the close similarity in appearance and 

structure (physiognomy) of taxonomically quite unrelated plant communities growing under 
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similar clima tic conditions. Many plant parts also ha ve a high preservation potential due 

either to robustness, abundance or both and thus the plant fossil record provides a sensitive 

long term (up to 400my) record of global environmental change. 

·studies of the Quaternary have traditionally centred on simple temporal 

extrapolation of clima tic tolerance windows of living taxa and recently more sophisticated 

methodologies ha ve becn developed (e.g . the Australian BIOCLIM project (Kershaw and 

Nix, 1988), and Response Surfaces, (Huntley, in press)) based on this assumption. This 

approach is clearly inappropriate for older assemblages beca use evolutionary change in 

clima tic tolerance is likely to have occurred although it is not unusual for Nearest Living 

Relative (NLR) techniques to be applied to Tertiary material (Axelrod and Bai ley, 1969; 

Axelrod, 1987). 

Functional simplicity (efficiency constraints) and dircct exposure to the atmosphere 

ha ve resulted in the repeated evolution of unique solutions to given envi ronmental 

(especially clima tic) constraints. Thus it is possible by examining foliar physiognomy (leaf 

size, shape, margin typc), stem anatomy (vascular system organisation, growth rings), and 

cuticle features (thickness, stomatal organisation and density) to derive quite precise and 

accurate qualitative and quantitative measures of climatic parameters that are taxon 

indepcndent and therefore applicable to pre-Quaternary deposits (Spicer, 1989). 

Plant form is inevitably a comprise bctwcen conflicting constraints so sorne plant 

features are difficult to ascribe to singular clima te elements such as temperature, 

precipitation, etc. However modern vegetation occupies distinct thermal domains from 

which Mean Annual Tempera ture (MAT) and Mean Annual Range of temperature (MART) 

can be obtained (Fig . 6) and because many taxa are involved this approach is 

evolutionarily robust. Quantitative temperature estimates are most easily obtained from 

the !caves of woody angiosperms and by using a newly developed multivariate statistical 

method called CLAMP populations of fossil leaves can be used to determine MAT to within 

1°C, as well as cold month mean temperatu res (and from these data MART and Warm 

month mean temperatures), mean annual precipitation and mean precipitation during the 

growing season (Wolfe, in press)(figs 7-13). 

One of the major controversies in gcology revolves around the proccsses govcming 

changes in land surface height . Rates in surface height change are dependan! on the process 

and properties of the crust. Furthermore topography has a profound effect on clima te both 

regionally and globally. No method in current use provides palaea-surface height data 

unambiguously (England and Molnar, 1990) but by using CLAMP, appropriate taphonomic 

considerations, and lapse rates it should be possible to determine surface height at which 

an asscmblage was formed to within ±250m for any time within the past 90 my. 

Armed with such a powerful clima tic too! it will soon be possible to effcctively 

eva luate and constrain global numerical clima te models (particular! y general circulation 

models- GCMs) (sec Crowley and North, 1991) and to this end Oxford and Reading 
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Universities are constructing global Mesozoic sedimentological and palaeobotanical 

databases as part of an exercise to improve the performance of GCMs for "greenhouse 

world" conditions. Further resea rch of this type is inevitable when coupled 

ocean/ atmosphere models come on stream. 

Part of the concem for the fu tu re is the role of the carbon cycle, particularly 

atmospheric COz in determining global di mate. Both qualitative and quantitative data 

suggest the Mesozoic had higher COz levels than present and in particular it appears the 

Cretaceous witncssed values bctwccn 2-4 x Prcscnt and po.ssibly as high as 11 x Prcscnt 

(Arthur et al. 1991 ). Changes in atmospheric COz lead to changes in stomatal density 

(preserved in the fossil record) the productivity, water relations and distribution of plants 

with different photosynthetic pathways (C3 and 4l and evapotranspiration (Moore, 1983, 

1989; Woodward, 1987) (table 1). The earliest ana tomical evidence for C4 photosynthesis 

in the Pliocene but isotopic evidence suggests 4 sys tems may ha ve evo! ved much earlier. 

To date no cornprehensive surveys of ca rbon isotopes in individual plants has been 

undertaken but such a study is necessary to understand more fully ancient carbon fluxes, the 

hyd rological cycle and inter-plant competit ion. 

Extinctions 

The susceptibility of plants to environmental variables has led to the evolution of 

a variety of mechanisms for overcoming temporary adverse conditions. From Devonian 

times onwards the evolution of dormancy mechanisms involving seeds, underground stems 

and deciduousness, coupled with adventitious growth patterns, provided a degree of 

robustness to seasonal clima te change. These mechanisms undoubtedly also proved useful in 

cnhancing plan! survivorship during thc short-term ecosys tem trauma that characterises 

sorne extinction events: episodes that decimated more susceptible elements of the global 

biota (e.g .. many animals). lt is not surprising therefore that the plan! record in relation to 

extinctions is rather different to that of animals. 

General pattems of diversity and extinction are difficult to analyse in the plan! 

fossil record due to the peculiarit ies of palaeobotanical sys tematics and mosaic evolution 

(heterobathmy) where individual plan! organs have their own distinct evolutionary 

trajectory. Nevertheless both palynological and megafossil data consistently show 

originations of new taxa precede extinctions. Tltis pattem occurs irrespective of, and 

unconnected with, extinctions (periodic or otherwise) observed in the fauna! record and 

seerns to indica te that in the plan! world extinctions are most commonly caused by inter

plant competition and not short-term ecosystem disturbance (Boulter et al. 1988). lf 

environment does have a role to play in causing plant extinctions it is in influencing longer 

term evolutionary trajectories. 
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There is now overwhelming evidence that the Cretaceous/Tertiary (K/T) boundary 

is characterised globally by a geochemical signature indica ti ve of at least one extra

terrestrial bolide impact: an event originally proposed by Alvarez et a l. (1980). Initially 

this event was regarded as the causal agent for the extinction of a variety of organisms 

including dinosaurs, marine planktonic forms, a range of marine in vertebrales and even sorne 

plants. From a palaeontological perspective however this simplistic scenario was always 

rather suspect, but it provided a focus for concerted research effort. A rather different 

picture is now emerging as the result of that effort - much of which was undertaken at 

microstratigraphic scales. 

The KIT boundary event has to be viewed against a background of a rapidly 

changing, heterogeneous and perhaps somewhat unstable global clima te anda concomitan! 

reduction in the diversity of a range of organisms- including dinosaurs. Beginning in the 

early Late Cretaceous global average tempera tu re declined throughout the remainder of 

the Cretaceous (e.g .. Spicer and Parrish, 1990 and references therein). In the Maastrichtian 

however clima te trends in different parts of the world show conflicting signals and 

although the precise timing is still controversia! large scale vulcanism, particularly the 

Dcccan Trapps may ha ve strongly influenccd global climatc at this time. In Westcrn North 

America the boundary itself is marked by an iridium-enriched boundary clay containing 

shocked quartz. Detailed analysis of this !ayer complex and the overlying sediments has 

led to the suggestion that there were probably two impacts (Wolfe, 1991). At least one of 

these impacts was clase to the westem US (probably near to what is now the Yuca tan 

Peninsula, Gulf of Mexico) (Sigurdsson e t al. 1991 ) and could ha ve caused atmospheric fall

out and short term temperature fall beginning in june and lasting severa! months (Wolfe, 

1991). Ecological trauma was felt throughout the main body of the North American 

continent but the biological effects elsewhere, and particular! y in the southem 

hemisphere, were mini mal (see review in Spicer, 1989). In eastern Russia fl oristic change 

was g reater at the beginning of the Maastrichtian tha t a t its end. There was no global 

conflagration at the K/T boundary (cf. Wolbach et al, 1988), but there was a post impact 

chill thereafter the Late Cretaceous deterioration in global climatc was reversed, 

temperature and precipitation increased (Wolfe, 1990), and vegetation, particularly in the 

northcm hemisphcre, was res tructurcd into something rcsembling its present form (Wolfe 

1987; Wolfe and Upchurch, 1986) . 

Linkage between the reversa! of the Late Cretaceous clima tic trend and the 

impact(s) remains problematical. lt is unfortunate that many people view the K/T 

boundary event as dueto one of ei ther a bolide impact .QI vulcanism. Pattems of extinction 

and ecological trauma in both plants and animals are consisten! with both causal 

mechanisms. Although responsible for stimulating microstratigraphic multidisciplinary 

geolog ic rcsearch one wonders if the "Impact Scenario" has also resulted in sorne 

misdirection of research effort. 
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Extinctions quite naturally attract interes t beca use of the opportunity to invoke 

drama tic causal mechanisms and beca use wc are cu rrently wi tncssing a globa l cxtinction 

cven t comparable to anything in the pas t duc to human activi ty. Given that repcatcd mass 

extinctions in the geologic record appear to ha ve no demonstrable common cause it seems 

likely that interest will and should be directed more to understanding the dyna mics of 

pos t-cxtinction rccovcry as this wi ll pruvidc valuablc pcrspcctivcs for futurc global 

management. 
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Legends (R.A. Spicer). 

Fig. 1 . Generic names of different organs of a Carboniferous arborescent lycopod. 

Fig. 2 Time for a free fall in still air measured for a number or artificial leaves with the 
sarne area (56 cm2) but different shapes (Ferguson, 1985) . 

Fig. 3 Fall velocities of fully saturated leaves in still water at 20°C. 

Fig. 4 Reconstruction of Late Cretaceous vegetation of Northern Alaska at palaeolatitude 
75°N based on plant megafossils collected in sedimentary facies context. 

Fig 5 Early Permian vegetational biomes reconstructed from plant fossil data. 

Fig. 6 Thermal domains of living forest types based on SE Asían data of Wolfe (1979). 

Fig. 7 CLAMP multivariate analysis (correspondence analysis) of modern vegetation 
sites based on the leaf characters shown in figure 13. Axis 1 (the axis of greatest 
variation) shows a strong correlation with mean annual temperature but leaves from 
cold sites tend to plot anomalousl y due to reduction of leaf size and concommittant loss 
of characters (based on Wolfe, in press) . Axes 1 and 2 in figures 8, 10 and 13 account for 
nearly 70% of the total variation. 

Fig. 8 Regression of mean annual temperature against axis 1 scores. Data as in figure 7. 

Fig. 9 Regression of mean annual temperature against axis 1 with anomalous sites 
removed. 

Fig. 10 CLAMP plot showing the distribution of sites in relation to mean annual 
precipitation. There is sorne correlation with axis 2 which as shown in figures 11 and 12 
but again Arctic and alpine sites show sorne anomalies. 

Fig. 13 CLAMP character plot. Axis 1 shows a strong trend in relation to leaf margin 
characters (teeth versus no teeth) while axis 2 shows a relationship with leaf size. 

Table 1 Comparison of the characteristics of C3 and C4 photosynthetic pathways . 
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Animals an d mass extinctions 

The renewed inte res t in mass extinctions is l ittle short of 

remarkable if one con siders the doldrums of neo-catastrophist specu lation 

in the fif tie s and si xt ies. The renaissance is very largely due, of 

course, to the detect ion of anomalous levels of iridium at the Cretaceous

Tertiary boundary (K/ T) by the Alvarez group, a result that was rapidly 

confirmed at many K/T s ites around the world. The evidence of at least one 

impact is now overwhelming and includes not only candidate craters in 

Yucatan and Iowa, but a variety of related observations, e.g. shocked 

mineral grains, mel t droplets, high pressure silica polymor ph s, 

microdiamonds, extraterrestrial amino acids and wildfire soot . The 

strength of this evidence should not obscure , however·, two importan t 

aspects . 

(a) Why, seemingly do major meteorite/comet impacts normally fail to 

trigger mass extinctions ? It still remains possible that the other 

Phanerozoic mass extinctions (late Ordovician, late Devonian, end Permian 

and Eocene/Oligocene events) were due to impacts, but as yet evidence in 

inconclus ive. 

(b) The correlation between episodes of flood basalts and massive 

volcanism and mass extinctions is not we ll establi shed, but the appar·ent 

co incidence of the Deccan flood basalt effusions and the K/T event is 

notable. 

Can the two opposing camps of thought , supporting either ma ss i ve 

volcanism or catastrophic impact , be reconciled so that both mechar.isms are 

necessary to account for the K/T extinctions? This i s possible, but at the 

moment it may be better to seek further evidence for extra-terrestrial 

influence s . New evidence suggests that the Earth could have been subject 

toa short-lived but intense episode of meteorite bombardment. It is not 
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impossible that at least five craters are of K/T age, and more may be found 

or alternately impacted areas of the ocean now subducted. Did a large body 

break up in the vicinity of the Earth, leading not only to a series of 

impacts but also infall of dust particles with the extraterrestrial amino 

acids? 

What palaeontological information can help us to understand mass 

extinctions and their underlying mechanisms? Here are sorne of the 

questi ons we should ask: 

(a) Why are extinctions selective? What renders sorne taxa and 

environments almost immune, whereas others appear to be devastated? 

(b) Js the fossil record ever adequate to distinguish between gradual and 

abrupt extinction? 

(e) What are the refugia in ma ss extinctions? 

(d) Why is recovery in sorne post-mass extinction events so slow, and what 

processes operate in post-disaster faunas? 

Mass extinctions 

The literature on this tapie continues to grow atan enormous rate, 

and the subject is ~till moving so quickly that reviews and text-books are 

rapidly out-dated. Literature, of course, appears in a very wide range of 

journals, but the most interesting results are often reported in Nature, 

Science (which has frequent updates in its Research News section) and 

Geology. 

Recent volumes that bring together much useful information include: 

DONOVAN, S.K. (ed) 1989. Mass extinctions: processes and evidence. 
Belhaven. 

KAUFFMAN, E.G. & WALLISER, O.H. 1990. Extinction events in Earth history. 
Lecture Notes in Earth Sciences 30. Spring-Verlag. 

RAUP, D.M. 1991. Extinction. Bad genes or bad luck? Norton. 
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T he Centre fo r ln te rn atio nal Meetings o n Biology 
has been created within the 

Instituto Juan March de Estudios e In vestigaciones , 
a private fo undatio n which comple me nts the work 

of the Fundación Juan March (established in 1955) 
as an entity specialized in scie ntifi c acti vities 

in gene ral. 

The Centre's initia ti ves stem fro m the Plan 
fo r Inte rna ti o nal Mee tings o n Bio logy, 

supported by the Fundación Ju an March . 
A tota l of 30 mee tings and 3 Juan March Lectu re 
Cycles, a ll dcaling with a wide ra nge of subj ects 

o f bio logica l interest , we re o rganized be twee n 
1989 and 199 1 within the scope of this Pl an . 
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and Expe rime ntal Courses, Wo rksho ps, Se minars , 
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