ELECTRONIC SUMMPLEMENTARY MATERIAL

2. METHODS

Data Collection

The data are drawn from previous studies (Benton 1993, 1996) and can be viewed at http://www.fossilrecord.net/fossilrecord/download.html. This source stills stands as the best available compilation of extant and extinct tetrapod families to date.  Note that many revisions have occurred as a result of new collecting and study since 1993, but it is that such changes are randomly distributed and do not introduce bias, at least based on earlier comparisons (Maxwell & Benton, 1990; Sepkoski, 1993).

Time Scale

Tetrapod families were assigned to 66 time bins, corresponding to stratigraphic stages of Gradstein & Ogg’s timescale (2004) from the Tournaisian to the Recent. Families were assigned to geological intervals by their known presence (either by fossils or their current existence), not by hypothesized ranges (e.g. ghost ranges).

Modes of Life
A mode of life (i.e. autecological strategy or segment of ecospace, not niche or guild; Bambach et al. 2007) is a broad category and does not take into account fine-scale niche partitioning. Organisms subdivide niches by splitting resources so that each taxon exploits a narrower range within an ecosystem in order to coexist with its competitors, such as the sequentially finer packing of niches in the marine realm. Modes however, make no assumptions about the community composition and in fact organisms may share a mode of life even if they are endemic to different geographic areas.

The majority of families occupied one mode, but the analysis takes into account those few families that occupied multiple modes, including those that lived in marginal environments. An example of this is families that live on both land and in the sea, which represent less than 3% of tetrapod families.

Modes of life were defined as combination of three ecomorphs: size, diet and habitat. Some  288 modes were defined (3 sizes x 16 diets x 6 habitats). Size was defined as small = animals which have a snout-vent length (SVL) of less than 15cm, medium = animals which have an SVL between 15cm and 150cm and large = animals which have an SVL exceeding 150cm. Diet categories include browsers, grazers, gnawers, grain, roots, nectar, fruit, algae, molluscs, fish, terrestrial invertebrates, terrestrial vertebrates, eggs, carrion, blood, and omnivores. Habitats are divided into marine, freshwater, subterranean, terrestrial, arboreal, and aerial. Ecomorphs were assigned based on fossil evidence, depositional environment, and inferences made through comparative anatomy, taxonomic relationships and associated ecological material. 

3. RESULTS
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Figure S1. Correlation of global taxonomic diversity and global ecological diversity of tetrapods is seen in Figure 1 of the paper. Taxonomic diversity is represented by the number of monotypic tetrapod families and ecological diversity is represented by the number of modes utilized by those same families. The two types of diversity have a high Spearman’s rank correlation coefficient ((=0.9727), low p-value (p < 0.001) and a linear regression of y=0.2518x.

4. DISCUSSION

Quality of the fossil record

Much emphasis has been given to the quality of the fossil record and the link between fossiliferous rock volume and taxonomic diversity. The addition of an ecological diversity curve adds another biological signal to these closely linked phenomena, and warrants further exploration of the relationship among these three metrics, specifically identifying drivers of the patterns. 

The fossil records of the marine and terrestrial realm tell different stories about the history of life. Sepkoski (1984) argued that marine diversity was best explained by a three-phase equilibrium model, with long-term global faunas successively replacing each other, each time reaching a higher equilibrium level, whereas Alroy et al. (2008) used sample standardization to support a single equilibrium in marine faunas. This pattern could however be an artefact of taxonomic level and analytical methods and the true pattern of marine diversification might be a damped exponential (Benton 1997; Stanley 2007; Benton 2009). In contrast, terrestrial diversity is represented by an expansionist model. Despite the greater habitable volume of the ocean; currently there appear to be maybe 25 times more species on land than in sea (May 1994). Plants, insects, and vertebrates have radiated explosively, without a predictable limit (Benton & Emerson 2007) perhaps because the land offers more opportunity to capture the sun’s energy and create new habitats, and because endemicity may be more rife in the absence of physical mixing across the Earth’s surface. 

The meaning of historical diversification patterns is much debated: some investigators argue the pattern is biased by poor-quality sampling of older parts of the record (Raup 1972; Alroy et al. 2008). Peters and Foote (2001)  found that extinction and origination curves correlate with the number of named geological formations in the United States, suggesting that our understanding of fossil diversity is driven by the rock record. Further, Smith (2007) and Smith et al. (2001), noted close correlation between the fossil record and outcrop areas, and they suggested this showed that sea level variations drive aspects of marine diversity.  But both of these proxies for sampling are not ideal because they are not independent of diversity and abundance. The number of formations may reflect aspects of biodiversity because more formations may be named when fossils are abundant. Further, ‘number of formations’ is a valid proxy for sampling only if the count consists of all potentially searchable formations, not just those that have yielded relevant fossils: to ignore unfossiliferous formations makes it impossible to determine whether apparent drops in diversity might or might not be real. Further, outcrop area is probably a poor proxy for sampling because the key determinants of sampling are exposure and lithology, and it is not clear how outcrop area from maps take account of the reality on the ground (cover by younger rocks, soil, facies and weathering, erosion patterns). Correlations of formations or map areas with apparent diversity do not make it clear what is driving what, nor whether both the supposed sampling proxy and apparent biodiversity might be driven by a third factor (Peters 2005). In conclusion, a proxy for sampling must be independent of the data that the proxy seeks to correct, and such a sampling proxy has yet to be found.

The key driver of increases in number of formations and outcrop area of marine rocks is likely to have been sea level changes: during marine transgressions, the habitable continental shelf area increases, and much more shallow marine rock is deposited. Broad continental shelves mean more habitats for life, and so more shallow marine species which form the majority of the marine fossil record (Peters 2005; Benton & Emerson 2007). It has also been suggested that at times of high sea levels there are low levels of deposition and fossil preservation on land.
However, although there are good correlations between geological measures and biodiversity in marine rocks, the evidence for a strong link between the rock record and fossil record of terrestrial organism is equivocal. The relationship between geological and biological record of tetrapods has not been as thoroughly investigated as marine organisms but some recent studies have attempted to throw light on the topic. Quantitative evidence reveals no correlation (positive or negative) between sea-level variations and the terrestrial diversity of tetrapods in the Late Jurassic to Eocene (Fara 2002). Studies exploring dinosaur diversity found correlations between dinosaur diversity and the number of formations in which dinosaur fossils are found for ornithischian and theropod clades but diversity and formations diverged for the sauropod record (Lloyd et al. 2008; Barrett et al. 2009). Taxic and phylogenetic diversity curves of pterosaurs do correlate with numbers of pterosaur-bearing formations (Butler et al. 2009); however many of these creatures lived in marginal marine environments and so this study doesn’t necessarily help draw any conclusions about the terrestrial fossil record. The terrestrial record may be subject to sampling biases that we have not yet uncovered; this study is based on available data and our current understanding of the fossil record; this may change in the future as more evidence is found and more exhaustive analysis of the terrestrial fossil record is conducted.

However, currently, there are multiple lines of evidence that show the tetrapod fossil record is reasonably reliable. (1) Tetrapods have hard skeletons, and hence are more likely to be preserved than entirely soft-bodied organisms. It is unlikely that major groups have been missed, even those with small, delicate skeletons such as the first mammals and birds (Benton 1999; Foote et al. 1999). (2) Intense collecting and description of tetrapod fossils over the past 150 years has not yielded any major surprises: fossil vertebrates more often fill gaps rather than create gaps (Benton & Storrs 1994). (3) Molecular phylogenies show good congruence with the fossil record, suggesting that not many key fossils are missing and that the fossil record of tetrapods is of comparable quality to that of fishes or of echinoderms (Hitchin & Benton 1997; Benton et al. 2000).

REFERENCES

Alroy, J., Aberhan, M., Bottjer, D. J., Foote, M., Fursich, F. T., Harries, P. J., Hendy, A. J. W., Holland, S. M., Ivany, L. C., Kiessling, W., Kosnik, M. A., Marshall, C. R., McGowan, A. J., Miller, A. I., Olszewski, T. D., Patzkowsky, M. E., Peters, S. E., Villier, L., Wagner, P. J., Bonuso, N., Borkow, P. S., Brenneis, B., Clapham, M. E., Fall, L. M., Ferguson, C. A., Hanson, V. L., Krug, A. Z., Layou, K. M., Leckey, E. H., Nurnberg, S., Powers, C. M., Sessa, J. A., Simpson, C., Tomasovych, A. & Visaggi, C. C. 2008 Phanerozoic trends in the global diversity of marine invertebrates. Science 321, 97-100.

Bambach, R. K., Bush, A. M. & Erwin, D. H. 2007 Autecology and the filling of ecospace: Key metazoan radiations. Palaeontology 50, 1-22.

Barrett, P. M., McGowan, A. J. & Page, V. 2009 Dinosaur diversity and the rock record. Proceedings of the Royal Society B-Biological Sciences 276, 2667-2674.

Benton, M. J. 1993 The Fossil Record 2. Chapman & Hall, London, 845 pp. 

Benton, M.J. 1996 Testing the roles of competition and expansion in tetrapod evolution. Proceedings of the Royal Society, Series B 263, 641-646.

Benton, M. J. 1997 Models for the diversification of life. Trends in Ecology & Evolution 12, 490-495.

Benton, M. J. 1999 Early origins of modern birds and mammals: molecules vs. morphology. Bioessays 21, 1043-1051.

Benton, M. J. 2009 The Red Queen and the Court Jester: Species Diversity and the Role of Biotic and Abiotic Factors Through Time. Science 323, 728-732.

Benton, M. J. & Emerson, B. C. 2007 How did life become so diverse? The dynamics of diversification according to the fossil record and molecular phylogenetics. Palaeontology 50, 23-40.

Benton, M. J. & Storrs, G. W. 1994 Testing the Quality of the fossil record – paleontological knowledge is improving. Geology 22, 111-114.

Benton, M. J., Wills, M. A. & Hitchin, R. 2000 Quality of the fossil record through time. Nature 403, 534-537.

Butler, R. J., Barrett, P. M., Nowbath, S. & Upchurch, P. 2009 Estimating the effects of sampling biases on pterosaur diversity patterns: implications for hypotheses of bird/pterosaur competitive replacement. Paleobiology 35, 432-446.

Fara, E. 2002 Sea-level variations and the quality of the continental fossil record. Journal of the Geological Society 159, 489-491.

Foote, M., Hunter, J. P., Janis, C. M. & Sepkoski, J. J. 1999 Evolutionary and preservational constraints on origins of biologic groups: Divergence times of eutherian mammals. Science 283, 1310-1314.

Gradstein, F.M. & Ogg, J.G. 2004 Geologic time scale 2004 - why, how, and where next! Lethaia 37, 175-181.
Hitchin, R. & Benton, M. J. 1997 Congruence between parsimony and stratigraphy: Comparisons of three indices. Paleobiology 23, 20-32.

Lloyd, G. T., Davis, K. E., Pisani, D., Tarver, J. E., Ruta, M., Sakamoto, M., Hone, D. W. E., Jennings, R. & Benton, M. J. 2008. Dinosaurs and the Cretaceous Terrestrial Revolution. Proceedings of the Royal Society B-Biological Sciences 275, 2483-2490.
May, R. M. 1994 Conceptual aspects of the quantification of the extent of biological diversity. Philosophical Transactions of the Royal Society of London Series B-Biological Sciences 345, 13-20.

Maxwell, D. & Benton, M.J. 1990 Historical tests of the absolute completeness of the fossil record of tetrapods. Paleobiology 16, 322-335.

Peters, S. E. 2005 Geologic constraints on the macroevolutionary history of marine animals. Proceedings of the National Academy of Sciences of the United States of America 102, 12326-12331.

Peters, S.E. & Foote, M. 2001 Biodiversity in the Phanerozoic: a reinterpretation. Paleobiology 27, 583-601.

Raup, D. M. 1972 Taxonomic diversity during the Phanerozoic. Science 177, 1065-1071.

Sepkoski, J. J. 1984 A Kinetic model of Phanerozoic taxonomic diversity. 3. Post-Paleozoic families and mass extinctions. Paleobiology 10, 246-267.

Sepkoski, J.J. 1993 Ten years in the library: new data confirms paleontological patterns. Paleobiology 19, 43-51.
Smith, A. B. 2007 Marine diversity through the Phanerozoic: problems and prospects. Journal of the Geological Society 164, 731-745.

Smith, A. B., Gale, A. S. & Monks, N. E. A. 2001 Sea-level change and rock-record bias in the Cretaceous: a problem for extinction and biodiversity studies. Paleobiology 27, 241-253.

Stanley, S. M. 2007 An analysis of the history of marine animal diversity. Paleobiology 33, 1-55.
