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Abstract: Many traits have been linked to extinction risk

among modern vertebrates, including mode of life and body

size. However, previous work has indicated there is little evi-

dence that body size, or any other trait, was selective during

past mass extinctions. Here, we investigate the impact of the

Triassic–Jurassic mass extinction on early Archosauromorpha

(basal dinosaurs, crocodylomorphs and their relatives) by

focusing on body size and other life history traits. We built

several new archosauromorph maximum-likelihood super-

trees, incorporating uncertainty in phylogenetic relationships.

These supertrees were then employed as a framework to test

whether extinction had a phylogenetic signal during the Tri-

assic–Jurassic mass extinction, and whether species with

certain traits were more or less likely to go extinct. We find

evidence for phylogenetic signal in extinction, in that taxa

were more likely to become extinct if a close relative also

did. However, there is no correlation between extinction and

body size, or any other tested trait. These conclusions add to

previous findings that body size, and other traits, were not

subject to selection during mass extinctions in closely-related

clades, although the phylogenetic signal in extinction indi-

cates that selection may have acted on traits not investigated

here.

Key words: mass extinction, Archosauromorpha, selectivity,

body size, traits, supertrees.

MASS extinction events have played a major role in shap-

ing macroevolutionary trends through time (Barnosky

et al. 2011). While selection is important in determining

which taxa become extinct during both background

extinction and mass extinction events (McKinney 1997),

analysis of the fossil record indicates that the traits

involved in selection have varied through time, during

both extinction regimes and across different clades

(Jablonski 2005; Finnegan et al. 2017). The high rates of

extinction today are comparable to those during past

mass extinctions, and as a result, understanding the pro-

cesses involved in extinction during those events may

prove useful for modern conservation (Barnosky et al.

2011).

Several approaches can be taken when trying to deter-

mine the influence of selection on extinction. One is to

assume that the phylogenetic clustering of extinctions is a

logical consequence of selection acting on phylogenetically

conserved traits within closely related taxa (McKinney

1997). This approach is particularly valuable in clades for

which trait data are lacking, but phylogenies are relatively

robust (Soul & Friedman 2017). Previous studies of this

phenomenon have indicated that results vary across clades

and mass extinction events; for example, while bivalve

extinctions during the end-Cretaceous mass extinction

were phylogenetically clustered (Roy et al. 2009), bra-

chiopod extinctions during the end-Ordovician mass

extinction were not (Krug & Patzkowsky 2015). Given

that ecological traits are often phylogenetically conserved,

these results may reflect the contrasting ecological severi-

ties of these two mass extinction events (McGhee et al.

2013).

Previous studies have found little evidence of correla-

tions between particular individual traits and extinction

during mass extinctions (Jablonski & Raup 1995; Smith &

Jeffery 1998). Body size is often linked to extinction risk

in extant animals (Gaston & Blackburn 1995), as larger

animals often possess traits linked to extinction vulnera-

bility, such as small population sizes and low reproduc-

tive rates (Cardillo et al. 2005). In contrast,

palaeontological studies focusing on mass extinction

events have failed to find evidence of this correlation
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(Jablonski & Raup 1995), particularly when phylogenetic

relationships are taken into account (Friedman 2009; Put-

tick et al. 2017a). Other traits relating to extinction risk

during mass extinctions include diet and motility (Payne

& Clapham 2012; Song et al. 2012), with evidence that

ecological specialists and slow dispersers cannot tolerate

rapid environmental change (Erwin 1998; Jablonski

2005). Geographical factors such as range size and occu-

pied latitude have also been suggested, as these traits may

influence survival during spatially heterogeneous distur-

bances (Erwin 1998; Powell 2007; Jablonski 2008). How-

ever, some authors have suggested that few, if any, traits

reduce extinction risk during mass extinctions (Jablonski

2005; Dunhill & Wills 2015). In addition, most of these

studies have focused on marine taxa, and extinction selec-

tivity in the terrestrial realm in deep time has only

recently come under investigation.

The Triassic–Jurassic mass extinction event (201 Ma;

Cohen et al. 2015) was the third most ecologically severe

mass extinction of the Phanerozoic (McGhee et al. 2013),

resulting in a major biotic turnover in the latest Triassic

(Preto et al. 2010). In the seas, reef ecosystems, bivalves,

ammonites and scleractinian corals declined dramatically

(Bond & Grasby 2017) and on land many terrestrial tetra-

pods became extinct (Lucas & Tanner 2015). While it is

broadly accepted that the Central Atlantic Magmatic Pro-

vince eruptions were responsible for these extinctions

(Whiteside et al. 2010; Bond & Grasby 2017), the mecha-

nisms remain uncertain, but probably involved global

warming and ocean acidification and anoxia, as in other

such events (Preto et al. 2010).

The Triassic–Jurassic mass extinction played an important

role in the evolution of the Archosauromorpha, the clade

comprising crocodiles and birds and their ancestors. Having

originated in the middle Permian, the archosauromorphs

represent a classic evolutionary radiation (Benton et al.

2014; Ezcurra et al. 2014). The radiation occurred in three

phases: the first in the Early and Middle Triassic, following

the devastation of ecosystems by the Permian–Triassic mass

extinction; the second following the Carnian Pluvial Epi-

sode, around 232 Ma, when dinosaurs in particular radiated

explosively (Bernardi et al. 2018); and the third following

the Triassic–Jurassic mass extinction (Langer et al. 2010).

Archosauromorphs were highly disparate and diverse by

the end of the Triassic (Brusatte et al. 2010; Stubbs et al.

2013), reaching a cosmopolitan distribution (Nesbitt 2011).

While there has been considerable recent interest in the

group, the quality of the early archosauromorph fossil

record is relatively poor, and our knowledge of their evolu-

tion is incomplete (Nesbitt 2011; Ezcurra 2016). During the

Triassic, archosauromorphs replaced basal therapsids as the

dominant large-bodied animals of the terrestrial realm (Soo-

kias et al. 2012). Their increase in absolute body size during

the Triassic and Jurassic (Turner & Nesbitt 2013) was the

product of passive, rather than actively directional, evolution

(Sookias et al. 2012). At the Triassic–Jurassic mass extinc-

tion, archosaurs declined, with the aetosaurs, phytosaurs

and rauisuchians all becoming extinct (e.g. Nesbitt 2011).

This resulted in a major transition within the group, as the

crocodile-line archosaurs (Pseudosuchia) diminished and

the bird-line archosaurs (Avemetatarsalia; most notably

dinosaurs and pterosaurs) rose to dominance (Brusatte et al.

2008). Dinosaurs subsequently became one of the most suc-

cessful groups of the Mesozoic, possessing a range of adapta-

tions, occupying many different ecological niches and

exhibiting a wide variety of body sizes (Langer et al. 2010;

Benton et al. 2014).

Here, we construct several new supertrees, including

184 species of Triassic and Jurassic archosauromorphs, to

test for the impacts of the Triassic–Jurassic mass extinc-

tion on the group using phylogenetic comparative meth-

ods. These supertrees are used to examine the degree of

phylogenetic clustering in extinctions, and to test for cor-

relation between several traits (including body size) and

extinction, during this event.

MATERIAL AND METHOD

Supertree construction

We applied a two-step process to tree selection for topolo-

gies to be used in subsequent macroevolutionary analyses:

first, composite phylogenies were generated, representing

eight hypotheses of archosauromorph relationships; then

the relative fit of these hypotheses were compared to phylo-

genies estimated from cladistic matrices. For each compos-

ite topology we obtained a likelihood score and p-value

that indicated how well the informal tree was supported by

the formally estimated trees based on cladistic data. The

relative measure of fit was the Robinson–Foulds metric

(Robinson & Foulds 1981) and all taxa from the source

trees were present in each of the informal composite trees.

We sourced and re-analysed six character matrices for

published phylogenies of Triassic and Jurassic archosauro-

morphs: Early to Middle Triassic archosauromorphs

(Ezcurra 2016), Late Triassic to Middle Jurassic archosauro-

morphs (Nesbitt 2011), pterosaurs (Andres et al. 2014),

basal dinosaurs (Cabreira et al. 2016), phytosaurs (Kam-

merer et al. 2016) and aetosaurs (Parker 2016). Each of the

character matrices from these phylogenetic studies was re-

analysed individually using the Mkv + Γ model in a maxi-

mum-likelihood approach in IQ-TREE (Nguyen et al.

2015). As the original studies used different phylogenetic

methods and presented trees using different summary met-

rics, the trees were re-analysed to make them comparable.

Eight informal composite supertrees, containing the 184

archosauromorph species included in the input
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phylogenies from the Middle Triassic to Early Jurassic,

were assembled in Mesquite (Maddison & Maddison

2017). The two main input phylogenies formed the basis

of the eight supertrees (A–H): Ezcurra (2016) for trees A,

C, E and G, and Nesbitt (2011) for trees B, D, F and H.

To these two backbone topologies, we added a combina-

tion of published dinosaurian and pseudosuchian relation-

ships. For dinosaurs, we used a topology based on

Cabreira et al. (2016) for trees A, B, E and F, and a topol-

ogy based on Baron et al. (2017) for trees C, D, G and H.

For trees A–D, we preserved the pseudosuchian relation-

ships within the backbone trees (Ezcurra (2016) in trees A

and C and Nesbitt (2011) in trees B and D), but used a

pseudosuchian topology based on Brusatte et al. (2010) in

trees E–H. The eight informal supertrees therefore incor-

porated all possible combinations of two contrasting

archosauromorph topologies, two dinosaur topologies,

and three pseudosuchian topologies (Fig. 1; Table 1).

The relative likelihood of each informal composite super-

tree based on the source trees was judged by comparing the

maximum likelihood fit of each source tree to each super-

tree, and then summarizing across all tree-wise likelihood

scores to get the likelihood of each supertree. The fit of each

source tree was assessed using the maximum-likelihood met-

ric of Steel & Rodrigo (2008), based on an exponential dis-

tance from the informal composite supertree using

Robinson–Foulds distances (Robinson & Foulds 1981).

Using this approach, a maximum-likelihood score was esti-

mated for each supertree using L.U.St (Akanni et al.

2014). The supertrees were then ranked according to their

likelihood scores, with the significance of each tree based on

the approximate unbiased (AU) test (Shimodaira 2002). The

AU test is an extension of the Kishino–Hasegawa (KH) and

Shimodaira–Hasegawa (SH) tests, which determine whether

there is a significant difference between the likelihood fits of

a set of trees. In all tests, the null hypothesis is found by

bootstrapping and re-centring the likelihood differences, but

the AU test uses multiple lengths of these likelihood differ-

ences during bootstrapping, which reduces vulnerability to

type-1 errors and selection biases present in the KH and SH

tests respectively (Shimodaira 2002).

We applied these tests to elucidate whether it was possi-

ble to reject statistically any of the informal composite

trees prior to further analyses. This test differs only slightly

from previous approaches that have used trees inferred

using molecular data (e.g. Akanni et al. 2015; Arcila et al.

2017; Puttick et al. 2018) rather than morphological data.

However, the approach remains comparable, as the metric

is based upon Robinson–Foulds distances. This means the

analyses use information from tree topology only, and

therefore the relative likelihood fit of source trees can be

assessed by testing any form of ‘supertree’, be it formal or

informal. Although we re-analysed all source matrices, a

potential issue is that some of the source trees were used

as a basis for building the composite phylogenies, as high

support would be expected between a source tree and an

informal composite tree based upon it. However, it is not

obvious whether alternative arrangements of the informal

composite topology can be rejected given the source trees,

and so this requires formal testing. Additionally, it is

advantageous to base macroevolutionary analyses on phy-

logenies that are supported by character data.

Data collection

The data are listed in Allen et al. (2018). Temporal occur-

rence data were obtained for all species included in the

supertrees, on the basis of stage durations, from the Pale-

obiology Database. Stage dates were taken from Cohen

et al. (2015), with an additional division arbitrarily placed

at the midpoint of the Norian, because of the long dura-

tion of that stage (18.5 myr; Cohen et al. 2015).

Femur length has been shown to correlate with total

body length in modern mammals (Biewener 1983; Chris-

tiansen 1999), and femur length is a commonly used

proxy for total body mass in extinct vertebrates. We col-

lected femur length data for 117 species, mainly from

Sookias et al. (2012) and Turner & Nesbitt (2013). When

there were measurements from multiple specimens of a

species, median values were calculated. All data were log-

transformed prior to statistical analysis.

Information was also collected for diet (herbivore,

omnivore, faunivore), posture (biped, quadruped, biped-

quadruped, biped-flying), and habitat (terrestrial, semi-

aquatic); these data were designated by author opinion

(MJB) following a literature search. A continuous palaeo-

latitude measure from the Paleobiology Database was also

collected (for taxa with multiple localities, we used the

palaeolatitude of the type specimen).

Tree-scaling methods

Different tree-scaling methods might have an impact on

results from analysis of time-trees (Bapst 2014; Soul &

Friedman 2017). To find the uncertainty in the results attri-

butable to the time-scaling approach, each of the supertrees

was time-scaled using the Equal, Minimum Branch Length

(MBL), cal3 and Hedman methods, with 100 repetitions of

each method. Uncertainty in taxon age was refined to stage

level, and for each of the 100 replicates a random age was

chosen from uniform distributions bounded by the maxi-

mum and minimum age of stages for every taxon, so a

unique age was chosen for each taxon at each iteration. The

age of one species, whose range was limited to the Hettan-

gian (the shortest stage within the covered timespan), was

fixed at the midpoint of the stage, to retain a point within

ALLEN ET AL . : ARCHOSAUROMORPH EXTINCTION SELECT IV ITY 213



the tree from which absolute ages across the rest of the tree

could be calculated. These methods, and all further analy-

ses, were performed in R (v. 3.3.3) (R Core Team 2017),

using the packages ape (v. 5.0; Paradis et al. 2004),

paleotree (v. 3.0.0; Bapst 2012) and caper (v. 0.5.2;

Orme 2018).

The Equal method estimates node ages using the age of

the oldest descendant as the minimum bound. Zero-

F IG . 1 . The first of eight proposed Triassic and Jurassic archosauromorph supertrees (A). An asterisk indicates groups which are

paraphyletic in this tree, and therefore should be considered basal members of their clade. Silhouettes from http://www.phylopic.org/

(clockwise from ‘Archosauromorpha’): Prolacerta T. Michael Keesey; Chanaresuchus ‘Smokeybjb’; Eudimorphodon Steven Traver; Coelo-

physis Emily Willoughby; Paleorhinus Scott Hartman; Riojasuchus Nobu Tamura & T. Michael Keesey; Stagonolepis Scott Hartman;

Ticinosuchus Nobu Tamura; Polonosuchus Dmitry Bogdanov & T. Michael Keesey; Protosuchus Nobu Tamura & T. Michael Keesey.
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length branches are then extended by sharing the branch

length from the most immediately preceding branch that

has a positive length (Brusatte et al. 2008). A root length

of 5 myr was used when implementing this method. The

MBL method also uses the age of the oldest descendant

to determine node ages, but zero-length branches are

extended to a pre-defined minimum length (Bapst 2012).

Here, 2 myr was used as the minimum branch length.

The Hedman method is a Bayesian approach, with

prior probability distributions for node ages constrained

based on the ages of consecutive outgroups (Hedman

2010). Analyses using the Hedman method utilized the R

code of Lloyd et al. (2016), with the necessary outgroups

being basal taxa included in the Ezcurra (2016) phy-

logeny. Only the five species whose ranges predated those

in the supertrees could be included, with the midpoints

of their occurrence ranges used for the outgroup dates.

The cal3 method constrains nodes using oldest fossil

occurrences, but estimates branch lengths using specia-

tion, extinction and sampling rates based on the occur-

rence data (Bapst 2013). Analyses using the cal3 method

were also conducted using the R code of Lloyd et al.

(2016), with the sampling and extinction rate parameters

calculated individually for each of the 100 trees, using a

Foote (1997) approach. The speciation rate was set equal

to the extinction rate (Lloyd et al. 2016). All cal3 trees

contained internal zero-length branches (Fig. 2), and

therefore were not used in further analyses, as these

lengths were considered to be biologically implausible.

Due to uncertainty in the timing and duration of the

Triassic–Jurassic mass extinction event in the terrestrial

realm (e.g. Lucas & Tanner 2015), analyses were carried

out using six different time bins: late Norian, Rhaetian,

Hettangian, late Norian–Rhaetian, Rhaetian–Hettangian,

and early Norian–Rhaetian, with the Triassic–Jurassic
boundary lying between the Rhaetian and the Hettangian.

Phylogenetic signal in extinction

To test for phylogenetic clustering of extinctions, the D-

statistic of Fritz & Purvis (2010) was used. It is generated

by scaling and comparing the observed data to two simu-

lated distributions, one calculated via a Brownian motion

(BM) threshold model, the other produced using a ran-

domization method, to simulate no phylogenetic signal

(Fig. 3). A D-statistic value close to 0 indicates that the

collected data is consistent with the BM model, and hence

that extinctions are phylogenetically clustered. A D-statis-

tic value close to 1 indicates that the extinctions are dis-

tributed randomly across the phylogenetic tree.

Selectivity of traits

Correlation between femur length data and extinction was

investigated using phylogenetic generalized least squares

(PGLS) to account for non-independence of the residuals

arising from the shared history of traits (Felsenstein

1985). Pagel’s lambda (k; Pagel 1999), a measure of how

phylogenetically conserved a trait is, was also estimated

simultaneously within PGLS models to incorporate a

measure of the degree of phylogenetic signal rather than

assuming Brownian motion (Revell 2010).

Both the Phylo-D and PGLS analyses were carried out

using only taxa found within the designated time bin

(‘contemporary’ taxa). In other words, all taxa that became

extinct prior to the time bin were excluded, and lineages

that passed through the bin were trimmed. For the purpose

of the PGLS tests, StableTraits (Elliot & Mooers

2014) was used to estimate ancestral femur lengths for these

trimmed lineages, which can generally be accurately recon-

structed with fossil information (Puttick 2016).

Diet, posture, habitat, body size and palaeolatitude were

analysed as predictors for extinction as a binary response,

with a categorical link function with the phylogeny

included as a random effect. These data were analysed in a

Bayesian framework in MCMCglmm (Hadfield 2010) with

the analyses run for 130 000 iterations, and with the first

30 000 discarded as ‘burn-in’. The residual model priors

were fixed to 1. For random effects parameter, expanded

priors were used with the inverse Wishart parameters V

and nu set to 0.1 and 1, and the prior mean set to 0 and

variance 1000. Priors were chosen to allow for convergence,

TABLE 1 . The published phylogenies on which the eight tested supertree topologies are based.

Proposed supertree Basis of relationships Dinosaurian relationships Pseudosuchian relationships

A Ezcurra (2016) Cabreira et al. (2016) Ezcurra (2016)

B Nesbitt (2011) Cabreira et al. (2016) Nesbitt (2011)

C Ezcurra (2016) Baron et al. (2017) Ezcurra (2016)

D Nesbitt (2011) Baron et al. (2017) Nesbitt (2011)

E Ezcurra (2016) Cabreira et al. (2016) Brusatte et al. (2010)

F Nesbitt (2011) Cabreira et al. (2016) Brusatte et al. (2010)

G Ezcurra (2016) Baron et al. (2017) Brusatte et al. (2010)

H Nesbitt (2011) Baron et al. (2017) Brusatte et al. (2010)
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but not to overly bias parameter estimates, for example by

selecting mean 0 with large variance (1000) for the prior

mean. In these analyses, extinction was measured either by

comparing taxa in the extinction bin to all other taxa in the

phylogeny (from all time bins), or by comparing taxa in

the extinction bin to taxa from the earliest Jurassic only.

The ‘contemporary’ test used for the continuous femur

data was not repeated here as it is necessary to elucidate

ancestral states for this approach, and it would be difficult

to marginalize over all uncertainty in the ancestral esti-

mates for the discrete predictors of extinction. Therefore,

for these analyses, the extinction bin was tested against the

whole tree (to test if extinction was significantly different in

this bin against all archosauromorph history considered),

and between the time bin of interest and the Early Jurassic

(to test whether extinction was significantly different

between lineages that became extinct and lineages that sur-

vived). The model was fit to test for the difference in mean

of each predictor in the model with no interactions. Con-

vergence of the Bayesian analyses was assessed by examin-

ing trace plots of parameter estimation and inspection of

effective sample sizes (target > 200).

RESULTS

Supertrees

Of the eight archosauromorph supertrees, trees A and B

have equal best likelihoods compared to the input

F IG . 2 . Comparison of the effects of using the four different tree-scaling methods, each applied to supertree A. The early Norian, late

Norian, Rhaetian and Hettangian are indicated with grey shading from left to right on each tree.
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phylogenies, and therefore have D likelihoods of 0. Based on

these results, these two trees were used for the main analyses

(Table 2), with supertree A used for the MCMCglmm proce-

dure. Trees C, D and E, although not the best-fit trees, did

not have sufficiently low approximate unbiased (AU) values

to be significantly rejected. Analyses carried out using trees

C, D and E can be found in Allen et al. (2018). Trees F, G

and H were all a poor fit (AU significance < 0.05) and were

not used for subsequent analyses.

The four tree-scaling methods produced considerable

variation in branch lengths (Fig. 2). In particular, the

MBL method pushed the root of the trees much deeper

in time than the other methods, while the cal3 method

produced many internal zero-length branches, giving the

appearance of polytomies at the base of several of the

subgroups.

Phylogenetic clustering of extinction

Generally, there is evidence for phylogenetic signal in the

extinction of taxa (Fig. 3; Table 3). Phylo-D values vary

considerably between time bins and tree-scaling methods,

but the corresponding probabilities indicate support for a

Brownian motion model over the non-phylogenetic ran-

dom model. The lineage sample size, consisting of the

number of taxa to become extinct during the time bin

plus the number of lineages to survive to the end of the

bin, varies considerably across time bins, in approximate

accordance with the duration of the bin.

The greatest contrast in results is between time bins.

The most extreme contrast can be seen between the Het-

tangian and Rhaetian–Hettangian bins, which have posi-

tive D-statistic means, and relatively large standard

deviations of 0.2–0.4, and the late Norian – Rhaetian and

the whole Norian – Rhaetian bins, which have negative

D-statistic means and relatively small standard deviations

of 0.05–0.2. In addition, every tree has a probability of

deviating from a Brownian Motion model of less than

0.05 for these two bins.

Considerable variation in D-statistic values can also be

seen across the different tree-scaling methods. Generally,

trees scaled with the MBL method have higher D-statistic

means and smaller standard deviations. However, trees

scaled with the Hedman method have lower D-statistic

values and larger standard deviations. Trees scaled with

the Equal method tend to lie between the two. However,

D-statistic values are similar across all tested topologies

(Table 3; Allen et al. 2018).
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F IG . 3 . Example Phylo-D plots for supertrees A and B, here having been scaled using the Equal method, with the late Norian–Rhae-
tian used as the extinction time bin.

TABLE 2 . Likelihood values and probabilities based on the

approximately unbiased (AU) test of each supertree.

Proposed supertree D likelihood AU

A 0 0.406

B 0 0.295

C 1.7 0.126

D 3.5 0.197

E 8.7 0.076

F 7.8 0.005

G 10.4 0.005

H 11.3 0.001

AU values < 0.05 are indicated in italics; these trees were

rejected prior to further analysis.
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Trait selectivity

Femur length shows high phylogenetic signal across the

Archosauromorpha (Pagel’s k > 0.75), but there is little

evidence of a significant correlation between femur length

and extinction probability. Across all time-scaling meth-

ods, only 1.11% of the analyses show a significant rela-

tionship between femur length and extinction (Table 4).

The PGLS output values are relatively consistent between

supertrees and across time bins, with the most variation

seen between time-scaling methods.

The multivariate models provide no evidence of a role in

extinction for femur length, diet, posture, habitat or palaeo-

latitude, from either the full tree or comparisons of the

extinction boundary and the earliest Jurassic; these results

are consistent across trees and dating methods (Table 5).

TABLE 3 . The results of the Phylo-D tests for supertrees A and B.

Time bin Method Extinct Survived D (SD) p (D > 0) Proportion p

(D > 0) < 0.05

p (D < 1) Proportion p

(D < 1) < 0.05

Tree A

LN Equal 35 22 0.0274 (0.2726) 0.0122 0.93 0.4868 0.01

MBL 35 20 0.3505 (0.2657) 0.0366 0.84 0.2275 0.13

Hedman 34 26 �0.4194 (0.3281) 0.0010 1 0.7632 0

R Equal 10 15 �0.1545 (0.4271) 0.0298 0.81 0.5679 0

MBL 10 14 0.0547 (0.3306) 0.0362 0.78 0.4790 0

Hedman 10 17 �0.6040 (0.4847) 0.0156 0.94 0.7338 0

H Equal 5 11 0.3338 (0.3287) 0.1658 0 0.3750 0.01

MBL 5 10 0.4804 (0.2927) 0.2003 0.01 0.2932 0.04

Hedman 5 12 0.1265 (0.3543) 0.1471 0.05 0.4703 0

LN + R Equal 45 15 �0.7918 (0.1568) <0.0001 1 0.9193 0

MBL 45 14 �0.3557 (0.0701) <0.0001 1 0.7826 0

Hedman 44 17 �1.3382 (0.1886) <0.0001 1 0.9771 0

R + H Equal 15 11 0.6220 (0.3277) 0.2366 0.13 0.2057 0.1

MBL 15 10 0.8654 (0.2767) 0.3773 0.02 0.1093 0.41

Hedman 15 12 0.3799 (0.4129) 0.1721 0.22 0.3609 0.04

EN + LN + R Equal 71 15 �0.9472 (0.1225) <0.0001 1 0.9628 0

MBL 71 14 �0.5139 (0.0593) <0.0001 1 0.8854 0

Hedman 71 17 �1.4909 (0.1620) <0.0001 1 0.9907 0

Tree B

LN Equal 35 22 0.0098 (0.2653) 0.0102 0.97 0.4955 0.01

MBL 35 20 0.3361 (0.2535) 0.0315 0.85 0.2312 0.15

Hedman 34 26 �0.4041 (0.3347) 0.0021 0.99 0.7536 0

R Equal 10 15 �0.1730 (0.4450) 0.0327 0.77 0.5783 0

MBL 10 15 0.1415 (0.3137) 0.0409 0.74 0.4270 0

Hedman 10 17 �0.6645 (0.4538) 0.0128 0.94 0.7579 0

H Equal 5 11 0.3787 (0.3509) 0.1813 0.04 0.3549 0

MBL 5 10 0.5351 (0.2794) 0.2131 0 0.2581 0.02

Hedman 5 12 0.1781 (0.3814) 0.1628 0.04 0.4557 0

LN + R Equal 45 15 �0.8151 (0.1645) <0.0001 1 0.9247 0

MBL 45 15 �0.3226 (0.0652) <0.0001 1 0.7664 0

Hedman 44 17 �1.4320 (0.2012) <0.0001 1 0.9822 0

R + H Equal 15 11 0.6971 (0.2666) 0.2663 0.03 0.1755 0.09

MBL 15 10 0.8931 (0.2404) 0.3848 0.02 0.0881 0.44

Hedman 15 12 0.4120 (0.3760) 0.1826 0.12 0.3443 0.01

EN + LN + R Equal 70 15 �0.9849 (0.1167) <0.0001 1 0.9662 0

MBL 71 15 �0.4784 (0.0528) <0.0001 1 0.8733 0

Hedman 71 17 �1.5676 (0.1673) <0.0001 1 0.9928 0

Notation follows that of Fritz & Purvis (2010); ‘p (D < 1)’ denotes the proportion of D values that indicate significant phylogenetic

signal, while ‘p (D > 0)’ denotes the proportion of D values that indicate significant deviation from a Brownian Motion model. Time

bins: EN, early Norian; LN, late Norian; R, Rhaetian; H, Hettangian. All values are the mean of 100 repetitions, with standard devia-

tions given in brackets for D values. Values in italics indicate p < 0.05. All values given to four decimal places except lineage extinc-

tion/survival.
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DISCUSSION

Archosauromorph extinctions during the Triassic–Jurassic
mass extinction event were not randomly distributed across

the phylogeny, and therefore it is likely that clade-level

selection played a role in discriminating survivors and vic-

tims (Raup et al. 1973; Raup 1981). The results here show

little evidence of a correlation between body size and

extinction in Archosauromorpha during this mass extinc-

tion, supporting previous work that suggested no role of

body size in archosauromorph subclade extinction across

the Triassic–Jurassic boundary (Turner & Nesbitt 2013). In

fact, our analyses indicate that there is no link between any

studied ecological trait and extinction vulnerability for

these taxa at this time. The aetosaurs, phytosaurs and

rauisuchians, all of which became extinct, were ecologically

diverse at the time (Stubbs et al. 2013), but so too were the

clades that survived the mass extinction; particularly the

dinosaurs, amongst which a great variety of body sizes and

ecological traits can be seen (Brusatte et al. 2008). The only

archosauromorph trait considered here that was largely lost

across the mass extinction event was a semi-aquatic life-

style, which was most commonly associated with the Phy-

tosauria (Stocker & Butler 2013).

TABLE 4 . PGLS coefficients and estimated for a regression of body size against extinction with supertrees A and B.

Time bin Method Extinct Survived Pagel’s k (SD) R2 (SD) p Proportion p < 0.05

Tree A

LN Equal 24 16 0.9645 (0.0524) �0.0126 (0.0160) 0.5862 0

MBL 24 15 0.7930 (0.0897) 0.0031 (0.0272) 0.4098 0.01

Hedman 24 20 0.9833 (0.0194) �0.0034 (0.0197) 0.4575 0.01

R Equal 7 12 0.8899 (0.1054) �0.0291 (0.0351) 0.5949 0.01

MBL 7 12 0.7549 (0.2618) 0.0016 (0.0567) 0.4285 0.01

Hedman 7 14 0.9685 (0.0503) �0.0154 (0.0378) 0.5148 0

H Equal 5 8 0.8990 (0.0328) 0.0631 (0.0948) 0.2473 0.09

MBL 4 8 0.9438 (0.0264) 0.0311 (0.0627) 0.2938 0

Hedman 5 9 0.9774 (0.0290) 0.0486 (0.0625) 0.2475 0.01

LN + R Equal 32 12 0.9517 (0.0459) �0.0184 (0.0041) 0.6703 0

MBL 32 12 0.8193 (0.0696) �0.0128 (0.0054) 0.5211 0

Hedman 31 14 0.9934 (0.0139) �0.0126 (0.0047) 0.5211 0

R + H Equal 12 8 0.9388 (0.0526) �0.0100 (0.0674) 0.5224 0.04

MBL 12 8 0.8278 (0.2297) �0.0385 (0.0173) 0.6394 0

Hedman 12 9 0.9901 (0.0159) �0.0312 (0.0258) 0.6420 0

EN + LN + R Equal 48 12 0.9462 (0.0504) �0.0140 (0.0025) 0.6950 0

MBL 47 12 0.8388 (0.0600) �0.0127 (0.0025) 0.6241 0

Hedman 47 14 0.9890 (0.0227) �0.0087 (0.0024) 0.4989 0

Tree B

LN Equal 24 17 0.9695 (0.0500) �0.0121 (0.0155) 0.5720 0

MBL 25 15 0.8014 (0.0787) 0.0050 (0.0264) 0.3912 0.01

Hedman 24 21 0.9902 (0.0147) �0.0081 (0.0145) 0.5184 0

R Equal 7 12 0.8716 (0.1412) �0.0227 (0.0424) 0.5704 0

MBL 7 12 0.7826 (0.2651) �0.0067 (0.0575) 0.4878 0.04

Hedman 7 14 0.9702 (0.0603) �0.0151 (0.0388) 0.5133 0.01

H Equal 5 8 0.9003 (0.0330) 0.0737 (0.0976) 0.2312 0.12

MBL 4 8 0.9441 (0.0274) 0.0303 (0.0659) 0.2967 0.02

Hedman 5 9 0.9792 (0.0261) 0.0425 (0.0541) 0.2537 0

LN + R Equal 32 12 0.9561 (0.0453) �0.0183 (0.0034) 0.6589 0

MBL 32 12 0.8247 (0.0647) �0.0104 (0.0065) 0.4838 0

Hedman 32 14 0.9958 (0.0090) �0.0131 (0.0038) 0.5291 0

R + H Equal 12 8 0.9359 (0.0533) �0.0140 (0.0506) 0.5133 0.02

MBL 12 8 0.8431 (0.2319) �0.0301 (0.0333) 0.6011 0

Hedman 12 9 0.9913 (0.0138) �0.0354 (0.0186) 0.6673 0

EN + LN + R Equal 47 12 0.9576 (0.0443) �0.0133 (0.0026) 0.6527 0

MBL 47 12 0.8403 (0.0507) �0.0104 (0.0033) 0.5501 0

Hedman 47 14 0.9929 (0.0166) �0.0080 (0.0026) 0.4799 0

Time bins: EN, early Norian; LN, late Norian; R, Rhaetian; H, Hettangian. All values are the mean of 100 repetitions, with standard

deviations given in brackets for Pagel’s k and R2 values. All values given to four decimal places except lineage extinction/survival.
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Archosauromorph extinctions during the Norian and

Rhaetian were phylogenetically clustered, and thus loss of

lineages was not random with respect to phylogeny (Raup

1981; McKinney 1997). These patterns are evidenced in

all time bins except the Hettangian and Rhaetian–Hettan-

gian, in which there was insufficient evidence to support

either phylogenetic clustering or a random distribution of

extinctions across the phylogeny. This may relate to the

fact that the Hettangian lasted only 2 myr (Cohen et al.

2015) and only a small number of lineages were included,

just 15–17 for the Hettangian and 25–27 for the

Rhaetian–Hettangian (Table 3). Phylo-D tests are consid-

ered reliable only when applied to datasets with a mini-

mum of 50 species (Fritz & Purvis 2010). However, these

results may instead reflect a difference in evolutionary

dynamics between the extinctions of the late Norian and

Rhaetian, which are generally attributed to the Triassic–
Jurassic mass extinction event, and the extinctions of the

Hettangian, which may instead reflect the demise of dis-

aster taxa during the subsequent period of biotic recovery

(Preto et al. 2010).

Body size is not linked to extinction in the Archosauro-

morpha during the Triassic–Jurassic mass extinction

event. This is in line with previous studies on the marine

fossil record, particularly those of Friedman (2009), Sallan

& Galimberti (2015) and Puttick et al. (2017a), who

reached similar conclusions regarding the extinction of

fishes during the end-Cretaceous, end-Devonian and end-

Permian mass extinction events respectively. Thus, evi-

dence is accruing to suggest that body size was not a

selective factor for vertebrates during past mass extinction

events in either the marine or the terrestrial realm.

TABLE 5 . Results from the multivariate MCMCglmm of extinction against various discrete extinction predictors for supertree A.

Posterior mean Lower 95% CI Upper 95% CI p Proportion

p < 0.05

Equal

(Intercept) 3.82 (�15.6, 19.5) �25.1 (�48.5, �11.7) 33.4 (14.2, 55.7) 0.643 (0.219, 0.989) 0

Length �1.17 (�3.59, 0.803) �5.47 (�8.36, �2.98) 3.06 (0.696, 5.55) 0.587 (0.105, 1) 0

Diet (Herbivore) �3.61 (�6.65, �0.828) �12.3 (�15.9, �9.61) 5.03 (1.49, 7.86) 0.384 (0.12, 0.838) 0

Diet (Omnivore) 10.4 (�10.6, 13.4) �10.5 (�33.1, �5.52) 30.7 (10.2, 35.3) 0.331 (0.183, 0.641) 0

Latitude 0.967 (�0.734, 3.66) �1.93 (�4.87, �0.253) 3.92 (2.96, 7.77) 0.51 (0.058, 0.951) 0

Posture (Biped flying) �3.03 (�5.36, 0.131) �17.7 (�22.1, �12.9) 11.1 (8.36, 13.6) 0.666 (0.426, 0.989) 0

Posture (Biped

quadruped)

6.72 (3.25, 10.4) �3.99 (�9.56, 0.259) 17.5 (13.8, 25.1) 0.21 (0.047, 0.573) 0.02

Posture (Quadruped) �2 (�4.27, 0.872) �8.99 (�12.7, �4.65) 4.68 (2.39, 7.07) 0.558 (0.249, 0.997) 0

Habitat (Terrestrial) �0.584 (�5.23, 8.7) �13.3 (�18.7, �3.66) 12.5 (7.57, 21.1) 0.802 (0.137, 1) 0

MBL

(Intercept) 4.05 (�16.4, 19.8) �27.7 (�48.8, �10.4) 36.3 (14.1, 53.4) 0.67 (0.19, 0.997) 0

Length �1.33 (�3.15, 1.19) �5.73 (�8.18, �2.76) 2.98 (1.04, 5.27) 0.528 (0.156, 0.981) 0

Diet (Herbivore) �3.7 (�7.23, �1.29) �13.3 (�17.7, �10.1) 5.6 (1.56, 8.7) 0.408 (0.105, 0.744) 0

Diet (Omnivore) 9.38 (�11.9, 13.7) �12.7 (�34.3, �3.43) 29.8 (7.75, 34.9) 0.341 (0.136, 0.569) 0

Latitude 0.963 (�0.983, 3.6) �2.7 (�4.94, 0.135) 4.83 (2.52, 7.54) 0.594 (0.048, 0.997) 0.01

Posture (Biped flying) �2.41 (�4.76, 0.559) �21.7 (�26.5, �15.4) 16.2 (13.1, 20) 0.797 (0.614, 0.982) 0

Posture (Biped

quadruped)

7.07 (3.14, 10.1) �4.66 (�11, �0.128) 19.1 (15.3, 25.6) 0.222 (0.053, 0.604) 0

Posture (Quadruped) �2.93 (�4.85, �0.617) �10.1 (�12.7, �7.04) 4.03 (2.22, 7.42) 0.414 (0.188, 0.885) 0

Habitat (Terrestrial) �1.05 (�5.11, 6.35) �16.5 (�22.8, �8.82) 14.3 (8.87, 23.1) 0.75 (0.39, 0.993) 0

Hedman

(Intercept) 2.69 (�14.7, 18.3) �27.2 (�52.4, �11.7) 33.1 (14.9, 54.6) 0.661 (0.279, 0.977) 0

Length �0.994 (�3.16, 0.775) �5.41 (�7.7, �3.22) 3.31 (1.28, 5.07) 0.654 (0.163, 0.985) 0

Diet (Herbivore) �3.38 (�5.54, �0.958) �11.6 (�14.3, �8.33) 4.77 (2.15, 7.98) 0.388 (0.175, 0.837) 0

Diet (Omnivore) 11.6 (�10.3, 14.6) �9.66 (�32.1, �4.56) 31.9 (9.6, 36.5) 0.277 (0.15, 0.6) 0

Latitude 1.13 (�1.39, 3.21) �2.11 (�5.25, �0.00246) 4.38 (2.58, 7.55) 0.514 (0.072, 0.992) 0

Posture (Biped flying) �2.04 (�4.19, �0.247) �14.5 (�18.3, �11.7) 10.2 (8.23, 12.3) 0.738 (0.488, 0.966) 0

Posture (Biped

quadruped)

7.66 (4.11, 10.4) �3.52 (�8.13, 0.23) 18.3 (13.6, 24.5) 0.171 (0.039, 0.481) 0.01

Posture (Quadruped) �1.44 (�3.68, 1.2) �8.82 (�11.5, �5.75) 5.61 (3.1, 8.58) 0.718 (0.332, 0.999) 0

Habitat (Terrestrial) �0.801 (�6.16, 7.04) �13.4 (�19.4, �4.38) 11.7 (5.95, 19.5) 0.734 (0.244, 0.993) 0

‘CI’ refers to credible intervals. All values are the median of 100 repetitions, with the ranges given in brackets.
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The finding that body size is not a selective factor is

contrary to common assumptions concerning the extinc-

tion of the most famous extinct archosauromorph clade,

the Dinosauria, at the end of the Cretaceous, 66 Ma. As

Raup (1986) reported, it has often been said in popular

literature that dinosaurs died out because they were large,

whereas their relatives, birds and crocodiles, survived

because they were small. This has not been subjected to a

phylogenetically-based analysis, but results might be diffi-

cult to assess as whole clades died out (non-avian dino-

saurs), whereas extinction and survival were more

complex among bird and crocodilian taxa.

None of our analysed traits is significant in determin-

ing extinction or survival. Several factors could account

for this. Poor preservation and lack of data availability

have resulted in small sample sizes, reducing the statistical

power of the analyses (Tables 3, 4). This is particularly

true of the analyses of diet, posture, habitat and palaeo-

latitude, in which comparisons were made between sam-

pled species only in coarse time bins. This contrasts with

our ‘contemporary’ analyses of femur length, in which all

available lineages, rather than sampled species in the bins,

were used in the models.

The lack of a significant signal from the analyses of

body size, diet, posture, habitat and palaeolatitude may

be because the sample sizes were insufficiently large to

detect the underlying evolutionary processes. Alterna-

tively, perhaps there truly was no selection acting on

these traits. It is possible that other characteristics were

influential, such as geographical range size, but previous

studies of terrestrial vertebrates during the Triassic–
Jurassic mass extinction have suggested this is not the

case (Dunhill & Wills 2015). Our finding of phylogenetic

clustering of extinction in the Archosauromorpha might

be a result of sampling bias rather than selective extinc-

tion (Soul & Friedman 2017). For example, it could be

that closely related taxa became extinct because they

were all small or lived in a particular unpreserved habi-

tat, and so were less likely to fossilize. Alternatively, it

could be a result of selective preservation of certain taxa

in Lagerst€atten. However, the Late Triassic archosauro-

morphs include taxa with disparate body sizes, diets,

and other ecological characteristics. Regardless, here we

found no evidence for trait-related selection at this mass

extinction event; a result that conforms with many pre-

vious analyses on other taxonomic groups, hitherto lar-

gely marine (Jablonski & Raup 1995; Smith & Jeffery

1998; Friedman 2009; Puttick et al. 2017a). This is in

contrast to the plant fossil record (McElwain & Pun-

yasena 2007).

Although the six chosen input phylogenies could have

been analysed individually, constructing supertrees was

the preferred approach, as larger taxon samples produce

more reliable phylogenies (Zwickl & Hillis 2002) and

reduce uncertainty in tests of phylogenetic signal (Fritz &

Purvis 2010; M€unkem€uller et al. 2012). While these find-

ings emerged from comparisons of formally inferred phy-

logenetic trees, we are here assuming that they apply also

to supertrees. Many authors faced with a similar problem

have used informal composite phylogenies, where multi-

ple smaller trees are merged, but the outcome is rarely

subjected to statistical testing (Akanni et al. 2014). The

use of maximum likelihood topologies is potentially prob-

lematic, as the method can create a single fully-resolved

topology that gives false precision and little accuracy

(Puttick et al. 2017b; O’Reilly et al. 2018). The accuracy

of these maximum likelihood trees can be improved by

accounting for uncertainty using bootstrapping and sub-

sequent collapsing of poorly-supported branches into

polytomies (Brown et al. 2017; Puttick et al. 2017c;

O’Reilly et al. 2018). The use of bootstrapping could be

incorporated into similar comparisons between inferred

trees and informal composite trees in the future, but at

present the use of bootstrapping with this method would

cause problems of pseudoreplication, as the input trees

are assumed to be independent, but this is not the case

with data from bootstrapping as they are based on par-

tially overlapping data. Furthermore, the approach here

potentially mitigates problems of inaccurate precision

with maximum likelihood, as the inferred trees are not

used directly, but are compared to assumed informal

composite topologies.

The methods used in this study to test the proposed

supertrees performed as expected, in that supertrees A

and B were expected to show the best fit to the input

matrices, being most heavily based on the relationships in

the Ezcurra (2016) and Nesbitt (2011) trees from which

two of the matrices were obtained (Table 1). However,

the methods outperformed our expectations in being able

to discriminate between the other supertrees, with the dif-

ferences in likelihood and AU test outputs sufficient to

reject three of the eight proposed topologies.

The relative likelihoods of the eight proposed super-

trees lend more support to the traditional ornithischian

and saurischian dinosaur clades than the sister-group

relationship between Ornithischia and Theropoda pro-

posed by Baron et al. (2017). This may be because the

taxon sample used in that study contrasted with that used

by Cabreira et al. (2016), from which the matrix analysed

here was obtained. The supertree likelihoods also support

the crocodylomorphs as derived rauisuchians, rather than

as the sister group to the Aetosauria, as proposed by Bru-

satte et al. (2010). However, the pseudosuchian fossil

record is relatively fragmentary, and relationships within

the group have been determined using small matrices

with a high proportion of missing character data

(Kammerer et al. 2016; Parker 2016), making this result

uncertain.
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While there was considerable variation in the statistical

test output parameters, generally there was much less

variation in the significance of the results, regardless of

the tree topology or time-scaling method used (Tables 3

and 4). This outcome contrasts with the conclusions of

many recent studies which have highlighted that the

choice of tree-scaling method can be a major source of

uncertainty in phylogenetic comparative analyses (Bapst

2014; Halliday & Goswami 2016; Soul & Friedman 2017).

CONCLUSIONS

Archosauromorph extinctions during the Triassic–Jurassic
extinction event were phylogenetically clustered, and this

suggests a role for selection. However, this study also

adds to the mounting evidence that body size is not a key

trait determining extinction or survival during past mass

extinction events, and analysis of other traits also showed

no evidence for selective extinction. It is possible that

small sample sizes or coarse fossil sampling are limiting

our ability to identify these correlations, or alternatively

these extinctions were indiscriminate with respect to

traits. Uncertainty in phylogenetic relationships, the use

of different tree-scaling methods and focusing on multiple

time periods did not change the broad conclusions of

these analyses. As such, these issues should not pose bar-

riers to the application of the methods presented here to

other taxonomic groups, providing bias is carefully con-

sidered in order to construct an appropriate statistical

framework.

Author contributions. TLS, MJB and MNP conceived the project.

BJA completed the data collection and calculations as part of

her thesis for the MSc in Palaeobiology at the University of Bris-

tol. Statistical approaches were led by MNP, and calculations

were developed by BJA, TLS and MNP. BJA led the writing of

the manuscript, and all authors contributed to the final version

of the paper.

Acknowledgements. We thank members of the Bristol Palaeobiol-

ogy group for feedback. We also thank David Bapst, Graeme

Lloyd, Emily Rayfield and Tom Williams for their advice. Fund-

ing was partly supported by Natural Environment Research

Council studentship NE/L002574/1 (to BJA). We also thank

Martin Ezcurra and an anonymous reviewer for feedback that

improved this manuscript.

DATA ARCHIVING STATEMENT

Data for this study are available in the Dryad Digital Repository:

https://doi.org/10.5061/dryad.bn796qq

Editor. Philip Mannion

REFERENCES

AKANNI , W. A., CREEVEY, C. J., WILKINSON, M. and

PISANI , D. 2014. L.U.St: a tool for approximated maximum

likelihood supertree reconstruction. BMC Bioinformatics, 15,

183.

-SIU-TING, K., CREEVEY, C. J., McINERNEY, J. O.,

WILKINSON, M., FOSTER, P. G. and PISANI , D. 2015.

Horizontal gene flow from Eubacteria to Archaebacteria and

what it means for our understanding of eukaryogenesis. Philo-

sophical Transactions of the Royal Society B, 370, 20140337.

ALLEN, B. J., STUBBS , T. L., BENTON, M. J. and PUT-

TICK, M. N. 2018. Data from: Archosauromorph extinction

selectivity during the Triassic-Jurassic mass extinction. Dryad

Digital Repository. https://doi.org/10.5061/dryad.bn796qq

ANDRES, B., CLARK, J. and XU, X. 2014. The earliest

pterodactyloid and the origin of the group. Current Biology,

24, 1011–1016.
ARCILA, D., ORT�I, G., VARI , R., ARMBRUSTER, J. W.,

STIASSNY, M. L., KO, K. D., SABAJ , M. H., LUND-

BERG, J., REVELL, L. J. and BETANCUR-R, R. 2017.

Genome-wide interrogation advances resolution of recalcitrant

groups in the tree of life. Nature Ecology & Evolution, 1, 0020.

BAPST, D. W. 2012. paleotree: an R package for paleontologi-

cal and phylogenetic analyses of evolution. Methods in Ecology

& Evolution, 3, 803–807.
-2013. A stochastic rate-calibrated method for time-scaling

phylogenies of fossil taxa. Methods in Ecology & Evolution, 4,

724–733.
-2014. Assessing the effect of time-scaling methods on phy-

logeny-based analyses in the fossil record. Paleobiology, 40,

331–351.
BARNOSKY, A. D., MATZKE, N., TOMIYA, S., WOGAN,

G. O. U., SWARTZ, B., QUENTAL, T. B., MARSHALL,

C., McGUIRE, J. L., L INDSEY, E. L., MAGUIRE, K. C.,

MERSEY, B. and FERRER, E. A. 2011. Has the Earth’s sixth

mass extinction already arrived? Nature, 471, 51–57.
BARON, M. G., NORMAN, D. B. and BARRETT, P. M.

2017. A new hypothesis of dinosaur relationships and early

dinosaur evolution. Nature, 543, 501–506.
BENTON, M. J., FORTH, J. and LANGER, M. C. 2014. Models

for the rise of the dinosaurs. Current Biology, 24, R87–R95.
BERNARDI , M., GIANOLLA, P., PETTI , F. M.,

MIETTO, P. and BENTON, M. J. 2018. Dinosaur diversi-

fication linked with the Carnian Pluvial Episode. Nature Com-

munications, 9, 1499.

BIEWENER, A. A. 1983. Allometry of quadrupedal locomotion:

the scaling of duty factor, bone curvature and limb orientation

to body size. Journal of Experimental Biology, 105, 147–171.
BOND, D. P. G. and GRASBY, S. E. 2017. On the causes of

mass extinctions. Palaeogeography, Palaeoclimatolology, Palaeoe-

cology, 478, 3–29.
BROWN, J. W., PARINS-FUKUCHI , C., STULL, G. W.,

VARGAS, O. M. and SMITH, S. A. 2017. Bayesian and

likelihood phylogenetic reconstructions of morphological traits

are not discordant when taking uncertainty into consideration:

a comment on Puttick et al. Proceedings of the Royal Society B,

284, 20170986.

222 PALAEONTOLOGY , VOLUME 62

https://doi.org/10.5061/dryad.bn796qq
https://doi.org/10.5061/dryad.bn796qq


BRUSATTE, S. L., BENTON, M. J., RUTA, M. and

LLOYD, G. T. 2008. Superiority, competition, and oppor-

tunism in the evolutionary radiation of dinosaurs. Science,

321, 1485–1488.
--DESOJO, J. B. and LANGER, M. C. 2010. The

higher-level phylogeny of Archosauria (Tetrapoda: Diapsida).

Journal of Systematic Palaeontology, 8, 3–47.
CABREIRA, S. F., KELLNER, A. W. A., DIAS-DA-

SILVA, S., DA SILVA, L. R., BRONZATI , M., MAR-

SOLA, J. C. D., M €ULLER, R. T., BITTENCOURT, J. D.,

BATISTA, B. J., RAUGUST, T., CARRILHO, R.,

BRODT, A. and LANGER, M. C. 2016. A unique Late Tri-

assic dinosauromorph assemblage reveals dinosaur ancestral

anatomy and diet. Current Biology, 26, 3090–3095.
CARDILLO, M., MACE, G. M., JONES , K. E., BIELBY, J.,

BININDA-EMONDS, O. R. P., SECHREST, W.,

ORME, C. D. L. and PURVIS , A. 2005. Multiple causes of

high extinction risk in large mammal species. Science, 309,

1239–1241.
CHRISTIANSEN, P. 1999. Scaling of the limb long bones to body

mass in terrestrial mammals. Journal of Morphology, 239, 167–
190.

COHEN, K. M., FINNEY, S. C., GIBBARD, P. L. and

FAN, J.-X. 2015. (updated from 2013). The ICS International

Chronostratigraphic Chart. Episodes, 36, 199–204.
DUNHILL, A. M. and WILLS , M. A. 2015. Geographic range size

did not confer resilience to extinction in terrestrial vertebrates

at the end-Triassic crisis. Nature Communications, 6, 7980.

ELLIOT, M. G. and MOOERS, A. Ø. 2014. Inferring ances-

tral states without assuming neutrality or gradualism using a

stable model of continuous character evolution. BMC Evolu-

tionary Biology, 14, 226.

ERWIN, D. H. 1998. The end and the beginning: recoveries from

mass extinctions. Trends in Ecology & Evolution, 13, 344–349.
EZCURRA, M. D. 2016. The phylogenetic relationships of

basal archosauromorphs, with an emphasis on the systematics

of proterosuchian archosauriforms. PeerJ, 4, e1778.

-SCHEYER, T. M. and BUTLER, R. J. 2014. The origin

and early evolution of Sauria: reassessing the Permian saurian

fossil record and the timing of the crocodile-lizard divergence.

PLoS One, 9, e89165.

FELSENSTEIN, J. 1985. Confidence limits on phylogenies: an

approach using the bootstrap. Evolution, 39, 783–791.
FINNEGAN, S., RASMUSSEN, C. M. Ø. and HARPER,

D. A. T. 2017. Identifying the most surprising victims of mass

extinction events: an example using Late Ordovician bra-

chiopods. Biology Letters, 13, 20170400.

FOOTE, M. 1997. Estimating taxonomic durations and preser-

vation probability. Paleobiology, 23, 278–300.
FRIEDMAN, M. 2009. Ecomorphological selectivity among

marine teleost fishes during the end-Cretaceous extinction. Pro-

ceedings of the National Academy of Sciences, 106, 2518–2523.
FRITZ, S. A. and PURVIS , A. 2010. Selectivity in mammalian

extinction risk and threat types: a new measure of phylogenetic sig-

nal strength in binary traits. Conservation Biology, 24, 1042–1051.
GASTON, K. J. and BLACKBURN, T. M. 1995. Birds,

body-size and the threat of extinction. Philosophical Transac-

tions of the Royal Society B, 147, 205–212.

HADFIELD, J. D. 2010. MCMC methods for multi-response

generalized linear mixed models: the MCMCglmm R package.

Journal of Statistical Software, 33, 1–22.
HALLIDAY, T. J. D. and GOSWAMI, A. 2016. The impact

of phylogenetic dating method on interpreting trait evolution:

a case study of Cretaceous–Palaeogene eutherian body-size

evolution. Biology Letters, 12, 20160051.

HEDMAN, M. M. 2010. Constraints on clade ages from fossil

outgroups. Paleobiology, 36, 16–31.
JABLONSKI , D. 2005. Mass extinction and macroevolution.

Paleobiology, 31, 192–210.
-2008. Extinction and the spatial dynamics of biodiversity. Pro-

ceedings of the National Academy of Sciences, 105, 11528–11535.
-and RAUP, D. M. 1995. Selectivity of end-Cretaceous

marine bivalve extinctions. Science, 268, 389–391.
KAMMERER, C. F., BUTLER, R. J., BANDYOPAD-

HYAY, S. and STOCKER, M. R. 2016. Relationships of the

Indian phytosaur Parasuchus hislopi Lydekker, 1885. Papers in

Palaeontology, 2, 1–23.
KRUG, A. Z. and PATZKOWSKY, M. E. 2015. Phylogenetic

clustering of origination and extinction across the Late

Ordovician mass extinction. PLoS One, 10, e0144354.

LANGER, M. C., EZCURRA, M. D., BITTENCOURT, J.

S. and NOVAS, F. E. 2010. The origin and early evolution of

dinosaurs. Biological Reviews, 85, 55–110.
LLOYD, G. T., BAPST, D. W., FRIEDMAN, M. and

DAVIS , K. E. 2016. Probabilistic divergence time estimation

without branch lengths: dating the origins of dinosaurs, avian

flight and crown birds. Biology Letters, 12, 20160609.

LUCAS, S. G. and TANNER, L. H. 2015. End-Triassic non-

marine biotic events. Journal of Palaeogeography, 4, 331–348.
MADDISON, W. P. and MADDISON, D. R. 2017. Mes-

quite: a modular system for evolutionary analysis. V. 3.2.

http://mesquiteproject.org

McELWAIN, J. C. and PUNYASENA, S. W. 2007. Mass

extinction events and the plant fossil record. Trends in Ecology

& Evolution, 22, 548–557.
McGHEE, G. R., CLAPHAM, M. E., SHEEHAN, P. M.,

BOTTJER, D. J. and DROSER, M. L. 2013. A new eco-

logical-severity ranking of major Phanerozoic biodiversity

crises. Palaeogeography Palaeoclimatology Palaeoecology, 370,

260–270.
McKINNEY, M. L. 1997. Extinction vulnerability and selectiv-

ity: combining ecological and paleontological views. Annual

Review of Ecology & Systematics, 28, 495–516.
M €UNKEM €ULLER, T., LAVERGNE, S., BZEZNIK, B.,

DRAY, S., JOMBART, T., SCHIFFERS , K. and

THUILLER, W. 2012. How to measure and test phyloge-

netic signal. Methods in Ecology & Evolution, 3, 743–756.
NESBITT, S. J. 2011. The early evolution of archosaurs: rela-

tionships and the origin of major clades. Bulletin of the Ameri-

can Museum of Natural History, 352, 1–292.
NGUYEN, L.-T., SCHMIDT, H. A., HAESELER, A. VON

and MINH, B. Q. 2015. IQ-TREE: a fast and effective

stochastic algorithm for estimating maximum likelihood

phylogenies. Molecular Biology & Evolution, 32, 268–274.
O’REILLY, J. E., PUTTICK, M. N., PISANI , D. and

DONOGHUE, P. C. J. 2018. Probabilistic methods surpass

ALLEN ET AL . : ARCHOSAUROMORPH EXTINCTION SELECT IV ITY 223

http://mesquiteproject.org


parsimony when assessing clade support in phylogenetic analy-

ses of discrete morphological data. Palaeontology, 61, 105–118.
ORME, D. 2018. The caper package: comparative analysis of

phylogenetics and evolution in R. https://cran.r-project.org/

web/packages/caper/vignettes/caper.pdf

PAGEL, M. 1999. Inferring the historical patterns of biological

evolution. Nature, 401, 877–884.
PARADIS , E., CLAUDE, J. and STRIMMER, K. 2004.

APE: analyses of phylogenetics and evolution in R language.

Bioinformatics, 20, 289–290.
PARKER, W. G. 2016. Revised phylogenetic analysis of the

Aetosauria (Archosauria: Pseudosuchia); assessing the

effects of incongruent morphological character sets. PeerJ, 4,

e1583.

PAYNE, J. L. and CLAPHAM, M. E. 2012. End-Permian

mass extinction in the oceans: an ancient analog for the

twenty-first century? Annual Review of Earth & Planetary

Sciences, 40, 89–111.
POWELL, M. G. 2007. Geographic range and genus longevity

of late Paleozoic brachiopods. Paleobiology, 33, 530–546.
PRETO, N., KUSTATSCHER, E. and WIGNALL, P. B.

2010. Triassic climates – state of the art and perspectives.

Palaeogeography, Palaeoclimatology, Palaeoecology, 290, 1–10.
PUTTICK, M. N. 2016. Partially incorrect fossil data augment

analyses of discrete trait evolution in living species. Biology

Letters, 12, 20160392.

-KRIWET, J., WEN, W., HU, S., THOMAS, G. H.

and BENTON, M. J. 2017a. Body length of bony fishes was

not a selective factor during the biggest mass extinction of all

time. Palaeontology, 60, 727–741.
-O’REILLY, J. E., TANNER, A. R., FLEMING, J. F.,

CLARK, J., HOLLOWAY, L., LOZANO-FERNAN-

DEZ, J., PARRY, L. A., TARVER, J. E., P ISANI , D. and

DONOGHUE, P. C. J. 2017b. Uncertain-tree: discriminating

among competing approaches to the phylogenetic analysis of

phenotype data. Proceedings of the Royal Society B, 284,

20162290.

--OAKLEY, D., TANNER, A. R., FLEMING, J. F.,

CLARK, J., HOLLOWAY, L., LOZANO-FERNAN-

DEZ, J., PARRY, L. A., TARVER, J. E., P ISANI , D. and

DONOGHUE, P. C. J. 2017c. Parsimony and maximum-

likelihood phylogenetic analyses of morphology do not gener-

ally integrate uncertainty in inferring evolutionary history: a

response to Brown et al. Proceedings of the Royal Society B,

284, 20171636.

-MORRIS , J. L., WILLIAMS, T. A., COX, C. J.,

EDWARDS, D., KENRICK, P., PRESSEL, S., WELL-

MAN, C. H., SCHNEIDER, H., PISANI , D. and

DONOGHUE, P. C. J. 2018. The interrelationships of land

plants and the nature of the ancestral embryophyte. Current

Biology, 28, 733–745.
R CORE TEAM. 2017. R: a language and environment for sta-

tistical computing. R Foundation for Statistical Computing.

https://www.r-project.org

RAUP, D. M. 1981. Extinction: bad genes or bad luck? Acta

Geologica Hispanica, 16, 25–33.

-1986. Biological extinction in Earth history. Science, 231,

1528–1533.
-GOULD, S. J., SCHOPF, T. J. M. and SIMBERLOFF,

D. S. 1973. Stochastic-models of phylogeny and evolution of

diversity. Journal of Geology, 81, 525–542.
REVELL , L. J. 2010. Phylogenetic signal and linear regression

on species data. Methods in Ecology & Evolution, 1, 319–329.
ROBINSON, D. F. and FOULDS, L. R. 1981. Comparison

of phylogenetic trees. Mathematical Biosciences, 53, 131–147.
ROY, K., HUNT, G. and JABLONSKI , D. 2009. Phyloge-

netic conservatism of extinctions in marine bivalves. Science,

325, 733–737.
SALLAN, L. and GALIMBERTI , A. K. 2015. Body-size

reduction in vertebrates following the end-Devonian mass

extinction. Science, 350, 812–815.
SHIMODAIRA, H. 2002. An approximately unbiased test of

phylogenetic tree selection. Systematic Biology, 51, 492–508.
SMITH, A. B. and JEFFERY, C. H. 1998. Selectivity of

extinction among sea urchins at the end of the Cretaceous

period. Nature, 392, 69–71.
SONG, H., WIGNALL, P. B., TONG, J. and YIN, H. 2012.

Two pulses of extinction during the Permian-Triassic crisis.

Nature Geoscience, 6, 52–56.
SOOKIAS , R. B., BUTLER, R. J. and BENSON, R. B. J.

2012. Rise of dinosaurs reveals major body-size transitions are

driven by passive processes of trait evolution. Proceedings of

the Royal Society B, 279, 2180–2187.
SOUL, L. C. and FRIEDMAN, M. 2017. Bias in phylogenetic

measurements of extinction and a case study of End-Permian

tetrapods. Palaeontology, 60, 169–185.
STEEL, M. and RODRIGO, A. 2008. Maximum likelihood

supertrees. Systematic Biology, 57, 243–250.
STOCKER, M. R. and BUTLER, R. J. 2013. Phytosauria. 91–
117. In NESBITT, S. J., DESOJO, J. B. and IRMIS , R. B.

(eds). Anatomy, phylogeny and palaeobiology of early archosaurs

and their kin. Geological Society, London, Special Publications,

379, 597 pp.

STUBBS , T. L., P IERCE, S. E., RAYFIELD, E. J. and

ANDERSON, P. S. L. 2013. Morphological and biomechani-

cal disparity of crocodile-line archosaurs following the end-

Triassic extinction. Proceedings of the Royal Society B, 280,

20131940.

TURNER, A. H. and NESBITT, S. J. 2013.Body size evolu-

tion during the Triassic archosauriform radiation. 573–597. In
NESBITT, S. J., DESOJO, J. B. and IRMIS , R. B. (eds).

Anatomy, phylogeny and palaeobiology of early archosaurs and their

kin. Geological Society, London, Special Publications, 379, 597 pp.

WHITESIDE, J. H., OLSEN, P. E., EGLINTON, T.,

BROOKFIELD, M. E. and SAMBROTTO, R. N. 2010.

Compound-specific carbon isotopes from Earth’s largest flood

basalt eruptions directly linked to the end-Triassic mass

extinction. Proceedings of the National Academy of Sciences,

107, 6721–6725.
ZWICKL, D. J. and HILLIS , D. M. 2002. Increased taxon

sampling greatly reduces phylogenetic error. Systematic Biol-

ogy, 51, 588–598.

224 PALAEONTOLOGY , VOLUME 62

https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
https://www.r-project.org

