
 
 

University of Birmingham

Mass extinctions drove increased global faunal
cosmopolitanism on the supercontinent Pangaea
Button, David; Lloyd, Graeme; Ezcurra, Martin; Butler, Richard

License:
Creative Commons: Attribution (CC BY)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Button, D, Lloyd, G, Ezcurra, M & Butler, R 2017, 'Mass extinctions drove increased global faunal
cosmopolitanism on the supercontinent Pangaea', Nature Communications, vol. 8, 733.
<https://www.nature.com/articles/s41467-017-00827-7>

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 17. Apr. 2024

https://www.nature.com/articles/s41467-017-00827-7
https://birmingham.elsevierpure.com/en/publications/70127df3-9e38-4265-9b45-f7c53276655c


 

1 
 

Mass extinctions drove increased global faunal cosmopolitanism on the supercontinent 1 

Pangaea  2 

 3 

David J. Button1,2,3*, Graeme T. Lloyd4, Martín D. Ezcurra1,5, and Richard J. Butler1* 4 

1School of Geography, Earth and Environmental Sciences, University of Birmingham, 5 

Edgbaston, Birmingham, B15 2TT, United Kingdom. 6 

2Current address: North Carolina Museum of Natural Sciences, Raleigh, NC 27607, USA; 7 

david.button44@gmail.com 8 

3Current address: North Carolina State University, Department of Biological Sciences, 3510 9 

Thomas Hall, Campus Box 7614, Raleigh, NC 27695, USA. 10 

4School of Earth and Environment, Maths/Earth and Environment Building, The University 11 

of Leeds, Leeds, LS2 9JT, United Kingdom. 12 

5Sección Paleontología de Vertebrados, CONICET−Museo Argentino de Ciencias Naturales 13 

"Bernardino Rivadavia", Avenida Ángel Gallardo 470, Buenos Aires, C1405DJR, Argentina. 14 

 15 

Correspondence and requests for materials should be addressed to D.J.B. (email: 16 

david.button44@gmail.com) or R.J.B. (email: r.butler.1@bham.ac.uk). 17 

Editor’s summary: Mass extinctions are thought to produce ‘disaster faunas’, communities 18 

dominated by a small number of widespread species. Here, Button and colleagues develop a 19 

phylogenetic network approach to test this hypothesis and find that mass extinctions did 20 

increase faunal cosmopolitanism across the supercontinent Pangaea during the late 21 

Palaeozoic and early Mesozoic. 22 
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Abstract: Mass extinctions have profoundly impacted the evolution of life through not only 23 

reducing taxonomic diversity but also reshaping ecosystems and biogeographic patterns. In 24 

particular, they are considered to have driven increased biogeographic cosmopolitanism, but 25 

quantitative tests of this hypothesis are rare and have not explicitly incorporated information 26 

on evolutionary relationships. Here we quantify faunal cosmopolitanism using a phylogenetic 27 

network approach for 891 terrestrial vertebrate species spanning the late Permian through 28 

Early Jurassic. This key interval witnessed the Permian-Triassic and Triassic-Jurassic mass 29 

extinctions, the onset of fragmentation of the supercontinent Pangaea, and the origins of 30 

dinosaurs and many modern vertebrate groups. Our results recover significant increases in 31 

global faunal cosmopolitanism following both mass extinctions, driven mainly by new, 32 

widespread taxa, leading to homogenous “disaster faunas”. Cosmopolitanism subsequently 33 

declines in post-recovery communities. These shared patterns in both biotic crises suggest 34 

that mass extinctions have predictable influences on animal distribution and may shed light 35 

on biodiversity loss in extant ecosystems. 36 

  37 
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Earth history has been punctuated by mass extinction events 1, biotic crises that 38 

fundamentally alter both biodiversity and biogeographic patterns 1,2. A common 39 

generalisation is that mass extinctions are followed by periods of increased faunal 40 

cosmopolitanism 1–4. For example, the Early Triassic aftermath of the Permian-Triassic mass 41 

extinction, the largest extinction event known 5,6, has been considered as characterized by a 42 

globally homogeneous ‘disaster fauna’ dominated by a small number of widely distributed 43 

and abundant taxa 1,3,6–8. Similar patterns have been proposed for the aftermath of the mass 44 

extinction at the end of the Triassic 9. However, explicit quantitative tests of changes in 45 

cosmopolitanism across mass extinctions are rare and have been limited to small 46 

geographical regions 3 or have not incorporated information from evolutionary relationships 47 

(phylogeny) 2,3.  48 

In order to test the impact of mass extinctions on biogeographic patterns, a method for 49 

quantifying relative changes in cosmopolitanism through time is required. Sidor et al. 3 50 

proposed that spatial occurrence data can be modelled as a bipartite taxon-locality network, 51 

specifying the distribution of fossil taxa (e.g., species) within defined localities (e.g., 52 

geographic areas such as continents or basins). The biogeographic structure of this network 53 

can then be quantified. Faunal heterogeneity (or biogeographic connectedness, BC) can be 54 

measured as the rescaled density of the network – the number of taxa actually shared between 55 

localities relative to the total possible number of taxon links between them3 (Fig. 1a, b). 56 

Higher values of BC equate to increased cosmopolitanism (i.e., less heterogeneity), whereas 57 

decreases in BC indicate increasing faunal endemism or provinciality (i.e., greater 58 

heterogeneity). This approach has been previously applied to assess regional changes in 59 

cosmopolitanism within southern Gondwana across the Permian-Triassic mass extinction 3. 60 

Results indicated a decline in BC from the late Permian to the Middle Triassic, indicating that 61 

cosmopolitanism increased following the extinction event. However, this study did not 62 
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include the critical immediate post-extinction faunas (earliest Triassic), and it is also unclear 63 

whether this regional signal is representative of global biogeographic trends.  64 

This network method uses only binary presence-absence data – i.e., information on 65 

whether a given species was present (and sampled) within a given locality or not. It does not 66 

explicitly incorporate information on the supra-specific phylogenetic relationships between 67 

taxa, such as could be used to estimate phylogenetic distance present between different 68 

species present at different localities. As such, it may be difficult or impossible to apply to a 69 

global fossil record dominated by singletons (species occurring at just one locality), as is 70 

common for tetrapods. Moreover, the results are potentially sensitive to systematic variation 71 

in taxonomic practice (i.e., ‘lumping’ versus ‘splitting’) and differential temporal and spatial 72 

sampling. Consequently, it may be useful to consider how closely related sets of species from 73 

pairs of localities are on a continuous scale. 74 

Here we present a modification of this network model that addresses these issues by 75 

incorporating phylogenetic information into the calculation of BC. Rather than treating links 76 

between taxa in different geographic regions in a binary fashion, they are instead inversely 77 

weighted in proportion to the phylogenetic distance between them (Fig. 1a, c). These 78 

reweighted links are then used to calculate phylogenetic biogeographic connectedness (pBC). 79 

As with BC, higher levels of pBC equate to more cosmopolitan faunas, with less 80 

phylogenetic distance between sets of species from pairs of localities. By contrast, lower 81 

values of pBC indicate greater endemism, and increased phylogenetic disparity between sets 82 

of species from pairs of localities. This method was applied using an informal supertree 83 

(figure 2a; Supplementary Note 1) and species-level occurrence dataset of terrestrial amniotes 84 

ranging from the late Permian to late Early Jurassic (c. 255–175 Ma; see Supplementary Note 85 

2).A k-means cluster analysis was used to group taxa into ten distinct geographical regions 86 

based on their occurrence palaeocoordinates (figure 2b; Supplementary Information Note 3). 87 
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The sampled interval includes the Permian-Triassic and Triassic-Jurassic mass extinction 88 

events, and the origins of key terrestrial vertebrate clades such as crocodylomorphs, 89 

dinosaurs, lepidosaurs, mammaliaforms, pterosaurs, and turtles 9. It is of particular 90 

biogeographic interest due to the presence of the supercontinent Pangaea 10, which began to 91 

break apart by the Early Jurassic. Although barriers to dispersal might be perceived as sparse 92 

on a supercontinent, numerous studies have suggested faunal provinciality and endemism on 93 

Pangaea, perhaps driven by climatic variation 3,9,11–13. Our methodological approach allows 94 

patterns of global provincialism to be quantified, and the impact of mass extinctions on 95 

faunal cosmopolitanism tested, within an explicit phylogenetic context. Results demonstrate 96 

the evolution of relatively cosmopolitan ‘disaster faunas’ following both the Permian-Triassic 97 

and Triassic-Jurassic mass extinctions, suggesting that mass extinctions may have common 98 

biogeographical consequences. 99 

 100 

Results 101 

Global phylogenetic network biogeography results. A marked and significant increase in 102 

global phylogenetic biogeographic connectedness (pBC) is observed across the Permian-103 

Triassic mass extinction (Fig. 3). A gentle, non-significant, decrease occurs from the Early 104 

Triassic to the Middle Triassic. This is followed by a strong, significant decrease to minimum 105 

pBC values (and so maximum provincialism) in the Late Triassic. A significant increase in 106 

pBC is then observed after the Triassic-Jurassic mass extinction, in the early Early Jurassic, 107 

although pBC does not reach the levels seen in the Early Triassic. Phylogenetic BC declines 108 

to levels similar to those seen in the Late Triassic by the end of the Early Jurassic. These 109 

results show no correlation with the number of taxa or regions sampled in each time bin 110 
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(Supplementary Note 4, Supplementary Figs 1, 2, 3)and appear robust to variance in time bin 111 

length (Supplementary Figs 3d, 4). 112 

 Results for non-phylogenetic network biogeographic connectedness (non-113 

phylogenetic BC) of the global dataset significantly differ from the phylogenetic results (Fig. 114 

3). An overall decline in non-phylogenetic BC is still observed through the Triassic, but 115 

differences between the Lopingian, Early Triassic, and Middle Triassic time bins are not 116 

significant. In addition, no increase in non-phylogenetic BC is observed over the Triassic-117 

Jurassic boundary. 118 

Global analysis of taxon subsets. An increase in global pBC across a mass extinction 119 

boundary may result from preferential survivorship of cosmopolitan lineages 8,14–17, radiation 120 

of opportunistic ‘disaster taxa’ 6, or both. In order to test which of these processes drove 121 

observed increases in global pBC, we carried out additional analyses on subsets of our data. 122 

The first set of comparisons was restricted to those less inclusive clades that exhibit high 123 

levels of survivorship across each extinction event, thereby removing the influence of 124 

preferential extinction and focusing on patterns for clades established prior to the extinction. 125 

Among these taxa, a significant change in pBC is no longer observed across the Permian-126 

Triassic boundary (Fig. 4a), although the increase across the Triassic-Jurassic mass extinction 127 

remains significant (Fig. 4b). The second set of comparisons focused on novel, recently-128 

diverging clades, and demonstrates very high levels of pBC for these taxa in both the Early 129 

Triassic and the earliest Jurassic, significantly greater than total pBC in both these and the 130 

preceding time bins (Fig. 4a, b). Comparison of recently diverging clades in all time bins 131 

recovers the same signal as that from the total dataset (Supplementary Note 5, Supplementary 132 

Fig. 5), indicating that variation in pBC is not a result of differences in average clade age in 133 

each time bin.  134 
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Geographically localised analyses. To compare hemispherical trends in biogeographic 135 

connectedness, pBC was also calculated for Laurasia and Gondwana separately. The signal 136 

from Laurasian occurrences matches very closely with the global pattern (Fig. 5a). By 137 

contrast, patterns in Gondwana diverge markedly from global trends in the latest Triassic, 138 

where pBC abruptly rises, and then gradually declines through the Early Jurassic (Fig. 5a). 139 

In addition, pBC analysis was implemented on terrestrial amniote occurrences from 140 

the southern Gondwanan dataset of Sidor et al. 3. This dataset groups taxa at a geological 141 

basin, rather than broader regional, level; as a consequence, this analysis indicates how pBC 142 

differs at geographically smaller scales. Biogeographic connectedness is lower in the Middle 143 

Triassic than in the late Permian under both phylogenetic and non-phylogenetic treatments of 144 

these data (Fig. 5b); however, the result is not significant for phylogenetic BC. 145 

Discussion 146 

The Triassic represents an important time in the evolution of vertebrate life on land. It 147 

witnessed a series of turnover events that resulted in a major faunal transition from 148 

Palaeozoic communities, dominated by non-mammalian synapsids and parareptiles, to more 149 

modern faunas including clades such as crocodylomorphs, dinosaurs, lepidosaurs, 150 

mammaliaforms , and turtles 9,18. Our novel phylogenetic network approach helps to place 151 

these major faunal transitions of the Triassic within a global biogeographical context by 152 

allowing changes in faunal connectivity to be quantified within an explicit evolutionary 153 

framework.  154 

Our results demonstrate an overall decrease in pBC from the Lopingian to the Early 155 

Jurassic, but punctuated by significant increases across both the Permian-Triassic and 156 

Triassic-Jurassic mass extinction events. This provides quantitative support for classically 157 

held hypotheses about the presence of a global cosmopolitan fauna in the aftermath of and in 158 
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response to these events 2,3. The robustness of these results to sampling variation and variable 159 

time bin length supports their interpretation as real biogeographical signals. 160 

Our taxon subset analyses were explicitly aimed at disentangling the impact of 161 

alternative mechanisms that could lead to this pattern of increased post-extinction pBC. 162 

Novel clades, those diverging immediately prior to or immediately after each mass extinction, 163 

were analysed separately and exhibit relatively high levels of pBC (i.e., increased 164 

cosmopolitanism relative to the preceding time bin) in both the Early Triassic and earliest 165 

Jurassic (Fig. 4a, b). By contrast, surviving clades, those well-established prior to the 166 

extinction and extending through it, exhibit no increase across the Permian-Triassic boundary 167 

and only a moderate increase across the Triassic-Jurassic boundary (Fig. 4b). This indicates 168 

that the increases in pBC following each extinction were primarily driven by the 169 

opportunistic radiation of novel taxa to generate cosmopolitan ‘disaster faunas’, rather than 170 

being due to preferential extinction of endemic taxa 19.  Recently-diverging clades in other 171 

time bins do not exhibit elevated pBC (Supplementary Note 5) and there is no correlation 172 

between pBC and average branch length in each time bin (Supplementary Note 6, 173 

Supplementary Fig. 6), indicating that this result is due to abnormal conditions following 174 

each mass extinction as opposed to being a property of clade age. 175 

The global biogeographic restructuring of biological communities associated with 176 

these mass extinction events hence provides evidence of the release of biotic constraints 3, 177 

which would have facilitated the radiation of new or previously marginal groups, such as 178 

archosaurs following the Permian-Triassic mass extinction 3, and dinosaurs and 179 

mammaliaforms during the Early Jurassic 20,21. This highlights the importance of historical 180 

contingency in the history of life, where unique events such as mass extinctions have exerted 181 

strong influences on the subsequent macroevolutionary patterns observed in deep time 22–24. 182 
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The global pBC pattern recovered here differs from the more geographically focused 183 

and temporally limited non-phylogenetic study of Sidor et al. 3, which found Middle Triassic 184 

levels of BC in southern Pangaea to be lower than those seen in the late Permian. Reanalysis 185 

of the amniote occurrences from the basin-level dataset of Sidor et al. demonstrates that pBC 186 

also declines between these time bins, although not significantly (Fig. 5b). Looking more 187 

broadly, pBC trends in Gondwana differ from those seen in Laurasia (Fig. 5a). This is 188 

particularly evident in the Late Triassic and Early Jurassic, in which a significant increase 189 

and decrease in pBC is seen in Laurasia for each time bin, respectively, but not in Gondwana 190 

(Fig. 5a).  191 

These results suggest that localised biogeographic patterns within Gondwana may 192 

have been decoupled from those seen elsewhere in the northern hemisphere. This would 193 

corroborate previous work suggesting the evolution of a distinct fauna, that includes 194 

massopodan sauropodomorphs, ornithischians, basal saurischians, and prozostrodontian 195 

cynodonts as relatively common taxa in South America and Africa during the Late Triassic 196 

11. The occurrences of guaibasaurids 25 and floral similarities 26,27 provide some links between 197 

South American communities and the upper Maleri Formation of India, although the latter 198 

assemblage remains relatively poorly-known and sampled. The Triassic-Jurassic mass 199 

extinction was a global event 19 and it is unclear why decoupling of biogeographic trends 200 

within Gondwana should occur. Sampling within Gondwana during this interval is uneven, 201 

with the bulk of occurrences coming from palaeolatitudes between 30-60°S (see 202 

Supplementary Note 4). During the Late Triassic the 30-60° latitudinal belts were dominated 203 

by subtropical desert 28. Interestingly, whereas this biome was more fragmented by seasonally 204 

wet conditions through into the Jurassic within Laurasia, it remained relatively stable in 205 

Gondwana 26,28. It is possible that this stability may have contributed to the evolution of a 206 

distinct fauna in the southern hemisphere. Alternatively, however, this distinct Gondwanan 207 



 

10 
 

pattern may be a sampling artefact. Although the inclusion of phylogenetic information 208 

allows the approach used here to incorporate more data than previous methods, sampling of 209 

latest Triassic and earliest Jurassic Gondwanan localities is relatively poor and uneven, 210 

leading to the low statistical power of results within these time bins. In the earliest Jurassic, in 211 

particular, over 80% of Gondwanan tetrapod occurrences are from the upper Elliot and 212 

Clarens formations of South Africa. Further evaluation of this possible signal will require 213 

sampling of new Late Triassic and Early Jurassic Gondwanan localities, particularly from 214 

India and Antarctica. 215 

 Under our non-phylogenetic network analysis of the global dataset, no increase in BC 216 

is observed across the Triassic-Jurassic boundary; indeed, no significant differences are 217 

observed between any consecutive time bins (Fig. 3). This highlights the importance of 218 

including phylogenetic information in global analyses such as that conducted here; without 219 

the incorporation of phylogeny, aspects of biogeographic signal may be obscured. The 220 

decline of pBC to minimal levels towards the end of the Triassic supports hypotheses of 221 

strong faunal provinciality and increased endemism within Pangaea during the early 222 

Mesozoic 3,9,12,13,29. The distribution of Late Triassic tetrapods varies with latitude 9,11–13, a 223 

pattern also observed in terrestrial floras 9,27. This is somewhat unexpected, given that 224 

oceanic barriers to dispersal were scant 30 and the latitudinal temperature gradient was weak 225 

28 in Pangaea during the Late Triassic. Instead, the ‘mega-monsoonal’ climate of Late 226 

Triassic Pangaea 28 would have driven provinciality of faunas through strong latitudinal and 227 

seasonal variation in precipitation 12,13. Patterns of endemism farther back into the Palaeozoic 228 

are presently unclear because the Lopingian was preceded by a poorly-understood period of 229 

taxonomic turnover during the Guadalupian 31. Analysis of older Palaeozoic time bins will be 230 

required to elucidate changes in endemism during the earlier history of Pangaea. 231 
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This background trend of increasing endemism contrasts sharply with the increase in 232 

pBC immediately following each mass extinction. This highlights the unique 233 

macroevolutionary regimes associated with mass extinctions24,32, with post-extinction 234 

‘disaster faunas’ being the result of the abnormal selective conditions operating in the wake 235 

of these crises. An increase in global cosmopolitanism, with a prevalence of ‘disaster taxa’, 236 

has also been observed in marine invertebrates across the Ordovician-Silurian 33,34, Permian-237 

Triassic 35,36, and Cretaceous-Palaeogene 14 mass extinctions, although these studies have not 238 

explicitly incorporated phylogenetic data. Similarly, more generalized insect-plant 239 

associations show higher survivorship across the Cretaceous-Tertiary mass extinction37 and, 240 

on the smaller scale, Pleistocene-Holocene warming resulted in a greater unevenness of small 241 

mammal faunas in northern California38. Our demonstration of a similar signal in terrestrial 242 

communities in the latest Palaeozoic and early Mesozoic suggests that mass extinctions exert 243 

predictable biogeographical influences. However, the Permian-Triassic and Triassic-Jurassic 244 

events may be unique amongst terrestrial mass extinctions due to the presence of Pangaea, 245 

where the perceived reduction in barriers to overland dispersal might have facilitated the 246 

development of high levels of terrestrial cosmopolitanism. Extending the methodology 247 

employed here to other extinction events, such as for terrestrial faunas across the Cretaceous–248 

Palaeogene boundary, will provide further tests of generalizable biogeographic trends across 249 

different mass extinction events. 250 

These common trends observed in the fossil record have the potential to inform 251 

modern conservation efforts, given that the current biodiversity crisis is acknowledged as 252 

representing another mass extinction event 39. Global homogenisation due to human 253 

activities, such as landscape simplification40, ecosystem disruption40–42, anthropogenic 254 

climate change4,38,42, and introduction of exotic species42–44, represents a principal threat to 255 

contemporary biodiversity43,45. Ongoing extinction will exacerbate this42,43 with a shift 256 
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towards a more generalised ‘disaster’ fauna projected on the basis of current trends 4,46. The 257 

observation of global collapse in biogeographic structure accompanying previous mass 258 

extinctions, as documented here, corroborates this and is of key importance in forecasting the 259 

biological repercussions of the current biodiversity crisis. 260 

 261 

Methods 262 

Phylogeny. An informal supertree of 1046 early amniote species ranging from 315–170 Ma 263 

was constructed from pre-existing phylogenies (Fig. 2a; see Supplementary Note 1, 264 

Supplementary Data 1). We used an informal supertree approach rather than a formal 265 

supertree in order to maximise taxonomic sampling, including species that have not been 266 

included in quantitative phylogenetic analyses. In addition to the taxa included in the 267 

biogeographic connectedness analyses, this sample included some stratigraphically older taxa 268 

in order to more accurately date deeper nodes. In order to account for phylogenetic 269 

uncertainty, 100 time-calibrated trees, with random resolution of polytomies, were produced 270 

from this supertree utilizing the ‘timePaleoPhy’ function of the paleotree package 53 in R 271 

(version 3.2.3; 34). Trees were dated according to first occurrence dates, with a minimum 272 

branch length of 1 Myr.  273 

 274 

Taxon occurrences and ages. A global occurrence database of 891 terrestrial amniote 275 

species was assembled, primarily from the Paleobiology Database 47, with the addition of 276 

some occurrences from the literature (see Supplementary Note 2, Supplementary Data 2). 277 

Taxa were dated at stage level. They were then placed in the following time bins for analysis: 278 

Lopingian, Early Triassic (Induan and Olenekian), Anisian, Ladinian, early Late Triassic 279 

(Carnian–early Norian), late Late Triassic (late Norian–Rhaetian), early Early Jurassic 280 
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(Hettangian, Sinemurian), and late Early Jurassic (Pliensbachian, Toarcian). The Late 281 

Triassic was not split into its constituent stages due to the disproportionately long Norian 282 

stage 48–51: rock units from this epoch were instead assigned to either the early Norian or the 283 

late Norian (see Supplementary Tables S1, S2). 284 

 285 

Geographic areas. In order to conduct network and many other palaeobiogeographic 286 

analyses it is necessary to identify a series of geographically discrete areas (the localities of 287 

the taxon-locality network in the network methodology). These areas are typically defined 288 

solely on the basis of geography (rather than shared flora or fauna) because the aim is to test 289 

faunal similarity between geographically distinct regions of the world. For example, previous 290 

analyses have commonly used modern continents as input areas10, 11, 13, 15. This traditional 291 

approach is potentially problematic on a supercontinent where, for example, eastern North 292 

American and north-western African localities were much closer to each other than to 293 

localities in southwestern North America or southern Africa. Instead, we defined our 294 

geographic areas on the basis of k-means clustering of palaeocoordinate data for 2144 295 

terrestrial fossil occurrences from the relevant time span, obtained mostly from the 296 

Paleobiology Database (see Supplementary Note S3). Importantly, this approach does not 297 

require or use any information on taxonomy or phylogeny – it is solely designed to find 298 

geographically-discrete clusters of fossil localities – and thus it is fully independent from the 299 

subsequent network analyses.      300 

Data were binned at epoch level, with each epoch analysed separately to avoid 301 

confusion arising from continental movements. K-means clustering was performed within R, 302 

varying the value of k from 5–15. For each value of k, the analysis was repeated with ten 303 

random starts, with 100 replicates). Performance of different analyses was then compared on 304 
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the basis of the percentage of variance explained, and results were compared with 305 

palaeogeographic reconstructions through this interval 10,52 (Supplementary Table 3; full 306 

results are given as Supplementary Data 3). This resulted in the designation of ten discrete 307 

palaeogeographic regions that each represent localities for the network analyses (Fig. 1b). 308 

Taxa were assigned to one or more regions as appropriate, yielding a taxon-locality matrix 309 

for each time bin (Supplementary Data 4). 310 

 311 

 312 

Phylogenetic network biogeography analyses. Non-phylogenetic biogeographic 313 

connectedness (BC) was previously quantified 3 as the rescaled density of a taxon-locality 314 

matrix, calculated as follows: 315 

 =	 ( ∗ )  [1] 316 

In this formula, O = the number of links in the network (the sum of all values in a taxon-317 

locality matrix, which will equal the number of occurrences in a non-phylogenetic analysis), 318 

N = the number of taxa, and L = the number of localities. This gives the ratio between the 319 

number of taxa present beyond a single locality and the maximum possible number of 320 

occurrences (i.e., every taxon present at every locality). Aside from whether a taxon is 321 

identical or not, no further phylogenetic information is included using this method – links are 322 

only considered where an individual taxon is shared between different localities, and are all 323 

equally weighted.  324 

 Herein, this method was modified to include phylogenetic information (phylogenetic 325 

biogeographic connectedness = pBC) by weighting links between taxa as inversely 326 

proportional to the phylogenetic distances between them. Phylogenetic distances between 327 
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taxa were measured by summing the branch lengths in millions of years representing the 328 

shortest distance between two taxa. This was then scaled against the maximum possible 329 

phylogenetic distance (i.e., the total distance of the summed branch lengths between the two 330 

most distantly related taxa). This scaled value was then subtracted from one to yield the 331 

weight of each link: the values of links between taxa hence vary between one (co-occurrence 332 

of the same species in two separate localities) and zero (when comparing the two most 333 

distantly related taxa in the taxon-locality matrix). The sum of the reweighted taxon-locality 334 

matrix was then substituted for O in equation 1 to yield a value of phylogenetic 335 

biogeographic connectedness. This method has been made available as the “BC” function 336 

within the R package dispeRse 55 (available at github.com/laurasoul/dispeRse): example 337 

analysis scripts are given as Supplementary Data 5 and Supplementary Data 6. It should be 338 

noted that a given value of pBC will be a non-unique solution: the same value could 339 

theoretically be generated by many links between distantly-related taxa or by fewer links 340 

between more closely-related species. Disentangling these possibilities is difficult. However, 341 

comparison of results with measured phylogenetic distances and number of taxa in each time 342 

bin indicates that pBC results are not merely driven by differences in the relatedness of 343 

sampled taxa, and instead reflect genuine biogeographical signal (see supplementary 344 

information).   345 

Analysis of a simulated null (stochastically generated) dataset indicated a predictable 346 

and systematic pattern of increasing pBC through time. This is due to the increasing distance 347 

from a persistent root to the tips through time, resulting in phylogenetic branch lengths 348 

between nearest relative terminal taxa becoming proportionately shorter. In order to compare 349 

pBC between different time bins, it is therefore necessary to remove this tendency for pBC to 350 

increase in later time bins. We achieved this through the introduction of a constant, μ, which 351 

collapses all branches below a fixed “depth” such that root age is equal to μ million years 352 
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before the tips. The introduction of this constant also alleviates problems of temporal 353 

superimposition of biogeographic signals that may otherwise occur. It means that pBC results 354 

reported for each time bin reflect patterns generated by biogeographic processes in the 355 

preceding μ million years, preventing these recent biogeographic signals of interest from 356 

being swamped by those from deeper time intervals. A μ value of 15 was chosen based on the 357 

results of sensitivity analyses varying the value of μ from 5–25 Myr in 1 Myr increments (see 358 

Supplementary Note 7, Supplementary Fig 7).  359 

This method was applied to the taxon-region matrix for each time bin, and the 100 360 

time-calibrated supertrees, pruning taxa not present within the bin of interest (effectively 361 

making each tree ultrametric) to calculate pBC. Jackknifing, with 10,000 replicates, was used 362 

to calculate 95% confidence intervals. This analysis was then repeated without phylogenetic 363 

information to gauge the importance of phylogeny on observed patterns.  364 

 365 

Taxon subset analyses. In order to investigate the processes giving rise to observed changes 366 

in cosmopolitanism over mass extinction events, analyses were also performed on two 367 

taxonomic subsets. The first reanalysed time bins either side of each mass extinction (the 368 

Lopingian and Early Triassic and late Late Triassic and early Early Jurassic) including only 369 

small clades exhibiting high survivorship (<20 species, with ≥20% of lineages crossing the 370 

extinction boundary). This was intended to minimize the influence of possible preferential 371 

extinction of geographically-restricted taxa.  372 

The removal of taxa during mass extinctions opens new vacancies in ecospace, 373 

promoting adaptive radiations in surviving, often previously marginal, clades 56,57. For 374 

example, the Permian-Triassic mass extinction is seen as a causal factor in the succeeding 375 

radiation of epicynodonts 58 and archosaurs 3,59,60, and the Triassic—Jurassic radiation as 376 



 

17 
 

pivotal in the diversification of crocodylomorph61 and dinosaur clades 20,62. ‘Disaster faunas’ 377 

will hence be expected to be composed of relatively recently diverging clades, as surviving 378 

taxa diversify into broader geographic ranges (e.g., 59). To test the significance of this, we 379 

reanalysed the time bins immediately following each mass extinction, including only clades 380 

that branched <2 Myr prior to or after the boundary. In order to ensure that the results of this 381 

analysis reflected differences in the post-extinction bins as opposed to an artefact of clade 382 

age, also performed analyses applying this filter to the other time bins (see Supplementary 383 

Note 6). 384 

 385 

Geographically localised analyses. To atomise global pBC signals into hemispheric trends, 386 

pBC was re-calculated for Laurasian and Gondwanan areas separately following an identical 387 

procedure to that for global analyses. Finally, to compare global results obtained from this 388 

new method with the more localised analysis of Sidor et al. 3, another set of analyses was 389 

performed following the taxonomic sampling of the latter. Terrestrial amniote occurrences 390 

from the late Permian and Middle Triassic of the Karoo Basin of South Africa; Luangwa 391 

Basin of Zambia; Chiweta beds of Malawi; Ruhuhu Basin of Tanzania, and the Beacon Basin 392 

of Antarctica were taken from the dataset of Sidor et al. 3. These data and the 100 time-393 

calibrated trees described above were then used to calculate BC and pBC between these 394 

basins for each of the sampled time bins. 395 

 396 
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Figure legends 554 

Fig. 1: Schematic illustration of network biogeography methods. a) Simplified phylogeny 555 

of Dicynodontia. b-c) Taxon-locality networks. Localities are indicated by the large, pale 556 

brown circles, taxa are coloured as in a). Taxa are connected by brown lines to the locality at 557 

which they occur. b) Rescaled non-phylogenetic biogeographic connectedness (BC) of Sidor 558 

et al. 3. A single taxon, Kannemeyeria (yellow), is present at all three localities, resulting in a 559 

link of value=1 (solid black line) between each locality. c) Phylogenetic biogeographic 560 

connectedness (pBC), as proposed here. Links (grey lines) between taxa from different 561 

localities are weighted inversely to their phylogenetic relatedness. Line thickness and shade is 562 

proportional to the strength of the link (and thus inversely proportional to phylogenetic 563 

distance between the two taxa). 564 

Fig. 2: Phylogenetic framework and biogeographic regions employed in this study. a) 565 

Informal supertree of amniotes used in the analyse. b) Triassic palaeogeography, redrawn 566 

after 10,30,63, with the geographic regions used as localities for the network analysis. 1: 567 

Western USA, British Columbia, Mexico, Venezuela; 2: Eastern USA, Eastern Canada, 568 

Morocco, Algeria; 3: Europe, Greenland; 4: Russia; 5: China, Thailand, Kyrgyzstan; 6: 569 

Argentina; 7: Brazil, Uruguay, Namibia; 8: South Africa, Lesotho, Zimbabwe; 9: Tanzania, 570 

Zambia, Madagascar, India, Israel, Saudi Arabia; 10: Antarctica, southeast Australia. 571 

Fig. 3: Results from BC analysis of Lopingian-Early Jurassic terrestrial amniotes. 572 

Results from both non-phylogenetic (BC, red) and phylogenetic (pBC, blue) analyses of 573 

global biogeographic connectedness are shown. Shaded polygons represent ninety-five 574 

percent confidence intervals (calculated from jackknifing with 10,000 replicates) for both the 575 

BC and pBC analyses. The Permian-Triassic boundary (PTB) and Triassic-Jurassic boundary 576 

(TJB) extinction events are indicated by dotted lines. E. Tr. refers to the Early Triassic. 577 
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Fig. 4: Results from BC analysis of taxonomic subsets. Comparison of results for data 578 

subsets across the Permian-Triassic (a) and Triassic-Jurassic (b) mass extinctions. Results for 579 

the entire dataset are in black, those for less inclusive clades showing high survivorship in 580 

red, and those for the most recently diverging taxa in purple. Ninety-five percent confidence 581 

intervals, calculated from jackknifing with 10,000 replicates, are indicated. 582 

Fig. 5: Results from BC analysis of geographically localised areas. a) Comparison of pBC 583 

trends during the Lopingian-Early Jurassic from Gondwana localities (in green) against those 584 

for Laurasia (in purple). Ninety-five percent confidence intervals are indicated. Abbreviations 585 

as in Fig. 3; E. Jur. refers to Early Jurassic. Ninety-five percent confidence intervals, 586 

calculated from jackknifing with 10,000 replicates, are indicated. b) Results from analysis of 587 

basin-level terrestrial amniote occurrences from the late Permian and Middle Triassic of 588 

southern Pangaea, from the dataset of Sidor et al. 3. Phylogenetic BC results are given in 589 

blue, non-phylogenetic BC in red. Ninety-five percent confidence intervals, calculated from 590 

jackknifing with 1000 replicates, are indicated. 591 
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ce
ph
al
od
on
ba
in
i

Pe
la
no
m
od
on
m
os
ch
op
s

G
ei
kia
lo
cu
st
ice
ps

G
ei
kia
el
gi
ne
ns
is

In
te
rp
re
so
sa
ur
us
bl
om
i

El
ph
bo
re
al
is

Ka
tu
m
bi
a
pa
rri
ng
to
ni

G
or
do
ni
a
tra
qu
ai
ri

Si
nt
oc
ep
ha
lu
s
al
tic
ep
s

Ba
sil
od
on
wo
od
wa
rd
i

Di
cy
no
do
n
la
ce
rti
ce
ps

Di
cy
no
do
n
hu
en
ei

D
el
ec
to
sa
ur
us
be
re
zh
an
en
si
s

Vi
va
xo
sa
ur
us
tra
ut
sc
ho
ld
i

D
in
an
om
od
on
gi
lli

D
ap
to
ce
ph
al
us
le
on
ic
ep
s

Pe
ra
m
od
on
am
al
itz
ki
i

Ji
m
us
ar
ia
si
nk
ia
ne
ns
is

Tu
rfa
no
do
n
bo
gd
ae
ns
is

Eu
pt
yc
ho
gn
at
hu
s
ba
th
yr
hy
nc
hu
s

Ly
st
ro
sa
ur
us
m
ur
ra
yi

Ly
st
ro
sa
ur
us
de
cl
iv
is

Ly
st
ro
sa
ur
us
cu
rv
at
us

Ly
st
ro
sa
ur
us
m
ac
ca
ig
i

Ly
st
ro
sa
ur
us
he
di
ni

Kw
az
ul
us
au
ru
s
sh
ak
ai

O
U
M
N
H
TS
K
U

An
go
ni
sa
ur
us
cr
ui
ck
sh
an
ki

An
go
ni
sa
ur
us
sp
.

Te
tra
go
ni
as
nj
al
ilu
s

Vi
nc
er
ia
vi
ej
a

Vi
nc
er
ia
ar
ge
nt
in
en
si
s

Vi
nc
er
ia
an
di
na

R
hi
no
di
cy
no
do
n
gr
ac
ile

Sh
an
si
od
on
sp
.

Sh
an
si
od
on
w
uh
si
an
ge
ns
is

S
ha
ns
io
do
n
w
an
gi

D
in
od
on
to
sa
ur
us
pe
dr
oa
nu
m

S
ha
an
be
ik
an
ne
m
ey
er
ia
bu
er
do
ng
ia

S
ha
an
be
ik
an
ne
m
ey
er
ia
xi
lo
ug
ou
en
si
s

K
an
ne
m
ey
er
ia
si
m
oc
ep
ha
lu
s

K
an
ne
m
ey
er
ia
lo
ph
or
hi
nu
s

Pa
ra
ka
nn
em
ey
er
ia
ch
en
gi

Pa
ra
ka
nn
em
ey
er
ia
do
lic
ho
ce
ph
al
a

Pa
ra
ka
nn
em
ey
er
ia
sh
en
m
ue
ns
is

Pa
ra
ka
nn
em
ey
er
ia
yo
un
gi

Pa
ra
ka
nn
em
ey
er
ia
ni
ng
w
ue
ns
is

X
iy
uk
an
ne
m
ey
er
ia
br
ev
iro
st
ris

D
ol
ic
hu
ra
nu
s
pr
im
ae
vu
s

R
ec
hn
is
au
ru
s
cr
is
ta
rh
yn
ch
us

U
ra
lo
ka
nn
em
ey
er
ia
vj
us
ch
ko
vi

R
ha
di
od
ro
m
us
kl
im
ov
i

S
in
ok
an
ne
m
ey
er
ia
ba
id
ao
yu
en
si
s

S
in
ok
an
ne
m
ey
er
ia
sa
nc
hu
an
he
en
si
s

S
in
ok
an
ne
m
ey
er
ia
yi
ng
ch
ia
oe
ns
is

S
in
ok
an
ne
m
ey
er
ia
pe
ar
so
ni

R
ab
id
os
au
ru
s
cr
is
ta
tu
s

W
ad
ia
sa
ur
us
in
di
cu
s

Za
m
bi
as
au
ru
s
su
bm
er
su
s

P
la
ce
ria
s
he
st
er
nu
s

M
og
hr
eb
er
ia
nm
ac
ho
ue
ns
is

S
un
ge
od
on
ki
m
kr
ae
m
er
ae

S
ta
hl
ec
ke
ria
po
te
ns

S
an
gu
sa
ur
us
ed
en
ta
tu
s

S
an
gu
sa
ur
us
pa
rr
in
gt
on
ii

E
ub
ra
ch
io
sa
ur
us
br
ow
ni

Is
ch
ig
ua
la
st
ia
je
ns
en
i

Ja
ch
al
er
ia
co
lo
ra
ta

Ja
ch
al
er
ia
pl
at
yg
na
th
us

Ja
ch
al
er
ia
ca
nd
el
ar
ie
ns
is

A
lo
po
sa
ur
us
gr
ac
ili
s

A
lo
po
sa
ur
us
te
nu
is

C
yo
no
sa
ur
us
ki
tc
hi
ng
i

C
yo
no
sa
ur
us
lo
ng
ic
ep
s

C
yo
no
sa
ur
us
sp
.

C
yo
no
sa
ur
us
ru
bi
dg
ei

A
el
ur
os
au
ru
s
fe
lin
us

A
el
ur
os
au
ru
s
w
ilm
an
ae

S
au
ro
ct
on
us
pr
og
re
ss
us

S
au
ro
ct
on
us
pa
rr
in
gt
on
i

E
rip
ho
st
om
a
m
ic
ro
do
n

G
or
go
no
ps
di
xe
yi

G
or
go
no
ps
eu
pa
ch
yg
na
th
us

G
or
go
no
ps
to
rv
us

G
or
go
no
ps
ca
pe
ns
is

G
or
go
no
ps
ka
is
er
i

N
ja
lil
a
na
su
ta

N
ja
lil
a
in
si
gn
a

Ly
ca
en
op
s
or
na
tu
s

Ly
ca
en
op
s
an
gu
st
ic
ep
s

Ly
ca
en
op
s
at
te
nu
at
us

Ly
ca
en
op
s
qu
ad
ra
ta

Ly
ca
en
op
s
so
lla
si

A
rc
to
gn
at
hu
s
cu
rv
im
ol
ar

In
os
tra
nc
ev
ia
al
ex
an
dr
i

A
rc
to
ps
w
ill
is
to
ni

S
m
ile
sa
ur
us
fe
ro
x

R
uh
uh
uc
er
be
ru
s
ha
ug
ht
on
i

A
el
ur
og
na
th
us
tig
ric
ep
s

S
yc
os
au
ru
s
no
w
ak
i

S
yc
os
au
ru
s
la
tic
ep
s

Le
on
to
sa
ur
us
va
nd
er
ho
rs
ti

D
in
og
or
go
n
ru
bi
dg
ei

C
le
la
nd
in
a
ru
bi
dg
ei

R
ub
id
ge
a
at
ro
x

Lycosuchus
vanderrieti

S
im
orhinella

baini
Ictidosaurus

angusticeps
G
lanosuchus

m
acrops

P
risterognathus

polyodon
C
ynariognathus

seeleyi
C
ynariognathus

platyrhinus
C
rapartinella

croucheri
A
lopecodon

priscus
S
cylacoides

ferox
S
cylacosaurus

sclateri
Therioides

cyniscus

P
orosteognathus

efrem
ovi

P
ardosuchus

w
haitsi

P
risterognathoides

parvus

P
risterognathoides

vanw
kyi

P
risterognathoides

m
inor

S
cylacosuchus

orenburgensis

A
nnatherapsidus

petri

A
kidnognathus

parvus

P
rom
oschorhynchus

platyrhinus

O
livierosuchus

parringtoni

E
ucham

bersia
m
irabilis

A
M
N
H
FA
R
B
59UX

C
erdosuchoides

brevidens

M
oschorhinus

kitchingi

Perplexisaurus
foveatus

C
hthonosaurus

velocidens

Ichibengops
m
unyam

adziensis

S
A
M
−P
K
−Z92q

H
ofm
eyria

atavus

Ictidostom
a
hem
buryi

M
irotenthes

digitipes

M
oschow

haitsia
vjuschkovi

Theriognathus
m
icrops

Ictidocham
psa
platyceps

M
egaw

haitsia
patrichae

S
A
M
−P
K
−K
2K55K

V
iatkosuchus

sum
ini

Ictidosuchus
baurioides

Ictidosuchus
prim
aevus

Ictidosuchoides
longiceps

Ictidosuchops
rubidgei

Ictidosuchops
interm

edius

R
egisaurus

jacobi

U
rum
chia

lii

N
H
C
C
LB
00

K
arenites

ornam
entatus

Lycideops
longiceps

C
hoerosaurus

dejageri

Tetracynodon
darti

Tetracynodon
tenuis

S
caloposaurus

constrictus

S
ilphedosuchus

orenburgensis

E
riciolacerta

parva

N
othogom

phodon
sanjiaoensis

N
othogom

phodon
danilovi

H
azhenia

concava

O
rdosiodon

youngi

O
rdosiodon

lincheyuensis

Traversodontoides
w
angw

uensis

M
icrogom

phodon
oligocynus

A
ntecosuchus

boreus

A
ntecosuchus

ochevi

B
auria

cynops

B
auria

robusta

C
harassognathus

gracilis

D
vinia

prim
a

P
rocynosuchus

sp.

Procynosuchus
delaharpeae

C
ynosaurus

suppostus

Progalesaurus
lootbergensis

G
alesauridae

indet.

G
alesaurus

planiceps

C
rom
ptodon

m
am
iferoides

Bolotridon
frerensis

N
anictosaurus

rubidgei

Thrinaxodon
liorhinus

Platycraniellus
elegans

C
ynognathus

crateronotus

N
am
ibia
C
ynognathus

sp.

Antarctica
C
ynognathus

sp.

Titanogom
phodon

crassus

D
iadem

odon
tetragonus

Antarctica
D
iadem

odon
sp.

Trirachodon
berryi

Zam
bia
Trirachodon

sp.

Trirachodontidae
indet.

C
ricodon

m
etabolus

Langbergia
m
odisei

Beishanodon
youngi

Sinognathus
gracilis

N
anogom

phodon
w
ildi

Andescynodon
m
endozensis

Pascualgnathus
polanskii

Scalenodon
angustifrons

Luangwa
drysdalli

Nam
ibia
Luangwa

sp.

Luangwa
sudam

ericana

Traversodon
stahleckeri

M
andagom

phodon
attridgei

M
andagom

phodon
hirschsoni

Arctotraversodon
plem
m
yridon

Boreogom
phodon

sp.

Boreogom
phodon

herpetairus

Boreogom
phodon

jeffersoni

M
assetognathus

pascuali

M
assetognathus

ochagaviae

Santacruzodon
hopsoni

Dadadon
isaloi

G
om
phodontosuchus

brasiliensis

M
enadon

besairiei

Protuberum
cabralensis

Scalenodontoides m
acrodontes

Exaeretodon
m
ajor

Exaeretodon
argentinus

Exaeretodon
riograndensis

Exaeretodon
statisticae

Ruberodon
roychowdhurii

Lum
kuia
fuzzi

Ecteninion
lunensis

Aleodon
brachyrham

phus

Aleodon
sp.

Chiniquodon
kalanoro

Chiniquodon
sanjuanensis

Chiniquodon theotonicus

Chiniquodon sp.

Probainognathus jenseni

Trucidocynodon riograndensis

Therioherpeton cargnini

Prozostrodon brasiliensis

Protheriodon estudianti

Panchetocynodon damodarensis

Riograndia guaibensis

Irajatherium
hernandezi

Elliotherium
kersteni

Chaliminia musteloides

Pachygenelus monus

Diarthrognathus broomi

Tritheledontidae indet.

Tritheledon riconoi

Oligokyphus triserialis

Oligokyphus major

Oligokyphus lufengensis

Oligokyphus sp.

Kayentatherium
wellesi

Bienotherium
magnum

Bienotherium
yunnanense

Bienotherium
minor

Antarctica Tritylodontidae indet.

Tritylodontoides maximus

Bocatherium
mexicanum

Lufengia delicata

Dianzhongia longirostrata

Dinnebitodon amarali

Yunnanodon brevirostre

Tritylodon longaevus

Botucaraitherium
belarminoi

Brasilitherium
riograndensis

Minicynodonmaieri

Brasilodon quadrangularis

Sinoconodon rigneyi

Adelobasileus cromptoni

Bridetherium
dorisae

Gondwanadon tapani

Indotheriumpranhitai

Paceyodon davidi

Eozostrodon parvus

Morganucodonwatsoni

Morganucodon sp.

Morganucodon heikuopengensis

Morganucodon peyeri

Morganucodon oehleri

Bocaconodon tamaulipensis

Megazostrodon rudnerae

Brachyzostrodon sp.

Brachyzostrodon informal sp. U

Brachyzostrodon coupatezi

Brachyzostrodonmaior

Brachyzostrodon informal sp. 2

Woutersia mirabilis

Woutersia butleri

Kuehneotheriumpraecursoris

Kuehneotheriumsp.

Dinnetheriumnezorum

Hadrocodiumwui

Condorodon spanios

Nakunodon paikasiensis

Trishulotheriumkotaensis

Haramiyidae indet. 2

Haramiyidae indet. U

Theroteinus nikolai

Thomasia moorei

Thomasia antiqua

Thomasia hahni

Haramiyavia clemmenseni

Indobaatar zofiae

Huasteconodonwiblei

Victoriaconodon inaequalis

Argentoconodon fariasorum

Dyskritodon indicus

Henosferus molus

Asfaltomylos patagonicus

Stereosternumtumidum

Brazilosaurus sanpauloensis

Mesosaurus tenuidens

Eunotosaurus africanus

Milleretta rubidgei

Broomia perplexa

Millerosaurus nuffieldi

Millerosaurus ornatus
Milleropsis pricei

Eudibamus cursoris
Bolosaurus striatus
Bolosaurus major
Bolosaurus grandis
Belebeymaximi
Belebey chengi

Belebey augustodunensis
Belebey vegrandis
Australothyris smithi

Microletermckinzieorum
Delorhynchus priscus
Delorhynchus cifellii

Acleistorhinus pteroticus
Colobomycter pholeter

Feeserpeton oklahomensis
Lanthanosuchus watsoni
Lanthaniscus efremovi
Nyctiphruretus acudens

Rhipaeosaurus tricuspidens
Bashkyroleter bashkyricus

Nycteroleter ineptusEmeroleter levis
BashkyroletermesensisMacroleter agilisMacroleter poezicusBradysaurus seeleyiBradysaurus baini

Nochelesaurus alexanderiEmbrithosaurus schwarziBunostegos akokanensisDeltavjatia vjatkensisHonania complicidentataWelgevonden pareiasaurParasaurus geinitziArgana parieasaur indet. 2Nanoparia luckhoffiProvelosaurus americanusAnthodon serrariusPumiliopareia priceiPareiasuchus nasicornisPareiasuchus peringueyiArgana parieasaur indet. UShihtienfenia permicaSanchuansaurus pygmaeusPareiasaurus serridens
Scutosaurus karpinskii
Obirkovia gladiator
Arganaceras vacanti

Elginia mirabilis
Owenetta rubidgei

Barasaurus besairiei
Ruhuhuaria reiszi

Saurodektes rogersorum
Candelaria barbouri

Owenetta kitchingorum
Coletta seca

Sauropareion anoplus
Kitchingnathus untabeni
Pintosaurus magnidentis
Phaanthosaurus ignatje

vi
Phaanthosaurus simu

s

Theledectes perfora
tus

Eumetabolodon d
ongshengensis

Tichvinskia vjatk
ensis

Tichvinskia juge
nsis

Timanophon ra
ridentatus

Lasasaurus be
ltanae

Eumetabolod
on bathyceph

alus

Teratophon s
pinigenis

Thelerpeton
oppressus

Procolopho
n trigonicep

s

Pentaedrus
aurus ordo

sianus

Neoprocol
ophon asia

ticus

Haligonia
bolodon

Haligonia
sp.

Phonodu
s dutoitor

um

Scolopar
ia glypha

nodon

Sclerosa
urus arm

atus

Leptople
uron lac

ertinum

Libogna
thus she

ddi

Soturnia
caliodon

Hypsog
nathus

sp.

Hypsog
nathus

fenneri

Thelep
hon co

ntritus

Anomo
iodon l

ilienste
rni

Anomo
iodon k

rejcii

Procol
ina ter

esae

Orenb
urgia b

ruma

Orenb
urgia e

nigma
tica

Kapes
majme

sculae

Kapes
amae

nus

Kapes
bento

ni

Kapes
komie

nsis

Capto
rhinid

ae ind
et.

Sauro
rictus

austra
lis

Capto
rhinu

s sp.

Capto
rhinu

s latic
eps

Capto
rhinu

s ma
gnus

Capt
orhin

us ag
uti

Mora
disau

rus g
randi

s

Mora
disau

rinae
indet

.

Geca
togom

phius
kave
jevi

Gans
urhin

us qi
ngto
usha

nens
is

Roth
ianis
cus r

obus
ta

Pale
othyr

is ac
adia
na

Petro
lacos

auru
s kan

sens
is

Arae
osce
lis gr
acilis

Orov
enat
orm
ayor
um

Lant
hano

lania
ivakh

nenk
oi

Coe
luros

aura
vus
jaek
eli

Coe
luros

aura
vus
elive
nsis

Wap
itisa
urus

prob
lema

ticus

Rau
tiani
a ale
xand

ri

Rau
tiani
a m
inich
i

Kyrg
yzsa
urus

bukh
anc
hen
koi

Hyp
uron
ecto
r lim
naio
s

Vall
esa
urus

cen
ens
is

Vall
esa
urus

zorz
inen
sis

Dola
bros
auru
s aq
uati
lis

Meg
alan
cos
auru
s sp
.

Meg
alan
cos
auru
s en
den
nae

Meg
alan
cos
aur
us p
reon
ens
is

Dre
pan
osa
uru
s sp
.

Dre
pan
osa
uru
s un
guic
aud
atus

You
ngin
a ca
pen
sis

Ace
ros
odo
nto
sau
rus
pive
tea
ui

Pal
aea
gam
a vi
elha
uer
i

Sau
ros
tern
on
bain
ii

Pal
igua
na
whi
tei

Pam
elin
a p
olo
nica

Ica
ros
aur
us
sief
ker
i

Kue
hne
osa
urid
ae
ind
et.

Kue
hne
osu
chu
s la
tiss
imu
s

Kue
hne
osa
uru
s la
tus

Sop
hin
eta
cra
cov
ien
sis

Me
gac
hire
lla
wa
cht
leri

Bh
ara
tag
am
a re
bba
nen
sis

Pai
kas
isa
uru
s in
dic
us

Ge
phy
ros
aur
us
brid
ens
is

Dip
hyd
ont
osa
uru
s a
von
is

Wh
itak
ers
aur
us
ber
ma
ni

Pa
leo
llan
osa
uru
s fr
ase
ri

Pla
noc
eph
alo
sau
rus
luc
asi

Pla
noc
eph
alo
sau
rus
rob
ins
ona
e

Re
bba
nas
aur
us
jain
i

Go
dva
risa
uru
s la
tee
fi

Sp
he
no
con
do
r g
rac
ilis

Do
cku
m
Cle
vos
au
r

Po
lys
ph
en
od
on
mu
elle
ri

Bra
chy
rhi
no
do
n t
ayl
ori

Cle
vos
au
rus
ba
ird
i

Cle
vos
au
rus
wa
ng
i

Cle
vos
au
rus
mc
gill
i

Cle
vos
au
rus
pe
tilu
s

Cle
vos
au
rus
bra
sili
en
sis

Cle
vo
sa
uru
s c
on
va
llis

Cle
vo
sa
uru
s m
ino
r

Cle
vo
sa
uru
s s
ec
tum
se
mp
er

Cle
vo
sa
uru
s S
AM
KX
Z5
K

Cle
vo
sa
uru
s h
ud
so
ni

Sp
he
no
vip
era
jim
my
sjo
yi

Pe
lec
ym
ala
rob
us
tus

Sig
ma
la
sig
ma
la

Za
pa
tad
on
eji
do
en
sis

Cy
no
sp
he
no
do
n h
uiz
ac
ha
len
sis

Cle
vo
sa
uru
s l
ati
de
ns

Sp
he
no
tita
n l
ey
es
i

Ae
nig
ma
str
op
he
us
pa
rrin
gto
ni

Pr
oto
ros
au
rus
sp
en
eri

Je
sa
iro
sa
uru
s l
eh
ma
ni

Pr
ola
ce
rto
ide
s j
im
us
are
ns
is

Ma
cro
cn
em
us
ba
ss
an
ii

Ma
cro
cn
em
us
fuy
ua
ne
ns
is

Ma
cro
cn
em
us
ob
ris
ti

La
ng
ob
ard
isa
ur
us
pa
nd
olf
ii

La
ng
ob
ar
dis
au
ru
s t
on
ell
oi

Ha
yd
en
Qu
ar
ry
Ta
ny
str
op
he
id

Ta
ny
tra
ch
elo
s s
p.

Ta
ny
tra
ch
elo
s a
hy
nis

Au
gu
sta
bu
ria
nia
va
tag
ini

SA
Ta
ny
str
op
he
ida
e i
nd
et.

Am
oto
sa
ur
us
ro
tfe
lde
ns
is

Pr
ota
ny
str
op
he
us
an
tiq
uu
s

Ta
ny
str
op
he
us
co
ns
pic
uu
s

Ta
ny
str
op
he
us
ha
as
i

Ta
ny
str
op
he
us
lon
go
ba
rd
icu
s

Pa
m
ela
ria
do
lic
ho
tra
ch
ela

Az
en
do
hs
au
ru
s l
aa
ro
us
sii

Az
en
do
hs
au
ru
s m
ad
ag
as
ka
re
ns
is

Te
ra
te
rp
et
on
hr
yn
ew
ich
or
um

Tr
ilo
ph
os
au
ru
s b
ue
ttn
er
i

Sp
ino
su
ch
us
ca
se
an
us

Tr
ilo
ph
os
au
ru
s j
ac
ob
si

No
te
os
uc
hu
s c
oll
et
ti

M
es
os
uc
hu
s b
ro
wn
i

Ho
we
sia
br
ow
ni

Eo
hy
os
au
ru
s w
olv
aa
rd
ti

Rh
yn
ch
os
au
ru
s a
rti
ce
ps

Br
as
ino
rh
yn
ch
us
m
ar
ian
te
ns
is

Ch
an
ar
es
rh
yn
ch
os
au
r

St
en
au
lo
rh
yn
ch
us
st
oc
kle
yi

M
es
od
ap
ed
on
ku
tty
i

Am
m
or
hy
nc
hu
s
na
va
jo
i

La
ng
er
on
yx
br
od
ie
i

Be
nt
on
yx
sid
en
sis

Fo
do
ny
x
sp
en
ce
ri

Is
al
or
hy
nc
hu
s
ge
no
ve
fa
e

Te
yu
m
ba
ita
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