:' frontiers ‘ Frontiers in Earth Science

ORIGINAL RESEARCH
published: 02 June 2022
doi: 10.3389/feart.2022.899562

OPEN ACCESS

Edited by:

Haijjun Song,

China University of Geosciences,
China

Reviewed by:

Michael D’Emic,

Adelphi University, United States
David Button,

University of Bristol, United Kingdom
Randall Irmis,

The University of Utah, United States

*Correspondence:
Max Cardoso Langer
mclanger@ffcirp.usp.br

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Paleontology,

a section of the journal
Frontiers in Earth Science

Received: 18 March 2022
Accepted: 09 May 2022
Published: 02 June 2022

Citation:

Langer MC and Godoy PL (2022) So
Volcanoes Created the Dinosaurs? A
Quantitative Characterization of the
Early Evolution of Terrestrial Pan-Aves.
Front. Earth Sci. 10:899562.

doi: 10.3389/feart.2022.899562

®

Check for
updates

So Volcanoes Created the Dinosaurs?
A Quantitative Characterization of the
Early Evolution of Terrestrial Pan-Aves

Max Cardoso Langer’*" and Pedro L. Godoy "*°"

"Department of Biology, Universidade de Sao Paulo, Ribeirdo Preto, Brazi, 2Department of Anatomical Sciences, Stony Brook
University, New York, NY, United States, ®Department of Zoology, Universidade Federal do Parand, Curitiba, Brazil

The early Mesozoic is marked by several global-scale environmental events, including the
emplacement of large igneous provinces, such as the Siberian Traps, Wrangellia, and
Central Atlantic Magmatic Province (CAMP). These have been hypothesised as drivers of
the successful diversification of Pan-Aves, the lineage of archosaurs closer to birds than to
crocodiles. We characterize here the diversification and body size evolution of terrestrial
pan-avians (excluding pterosaurs) along the Triassic and Early Jurassic, using
phylogenetic- and occurrence-based approaches, in an attempt to test the influence of
such drivers. As diversity metrics, we quantified raw species richness and phylogenetic
diversity (using time-calibrated phylogenetic trees), and net diversification rates were
estimated with PyRate and the episodic fossilized-birth-death model. We have also
characterised through-time patterns of body size (femoral length) and estimated body
size evolutionary rates. Our results indicate that macroevolutionary shifts estimated from
occurrence data are placed more recently in time than those from phylogenetic-based
approaches, as shown by the higher diversity increase, diversification rates, and body size
disparity of terrestrial Pan-Aves in the Carnian. This is consistent with hypotheses
suggesting that the Carnian Pluvial Episode (CPE) was crucial for the early radiation of
the group. Yet, phylogeny-based results show higher diversity/diversification rates for the
Ladinian and Norian, suggesting a minor effect for the Carnian Pluvial Episode (CPE). We
also found no meaningful shifts in diversity, diversification, or size-related metrics across
the Triassic-Jurassic boundary. Even if the end-Triassic mass extinction possibly emptied
ecospace, allowing dinosaur diversity to increase during the Jurassic, our results suggest
that this expansion did not occur fast and homogeneously for the entire group. In fact, a
sustained reduction in diversity and sub-zero net diversification rates are seen after the
extinction, but macroevolutionary patterns here should be interpreted with care towards
the end of the Early Jurassic, as they may be biased by an “edge effect.” Overall, few
macroevolutionary shifts were consistently identified across all results, suggesting that the
early diversification of terrestrial pan-avians was more nuanced and complex than
anticipated.

Keywords: Pan-Aves, dinosaurs, body size evolution, PyRate, taxic richness, phylogenetic diversity, fossilized-birth-
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INTRODUCTION

With about ten thousand catalogued species, crown-clade Aves
corresponds to the most diverse group of living tetrapods (Clarke
etal., 2020), with its origin buried deep into the Cretaceous Period
(Lee etal., 2014). In fact, such diversity has been mostly shaped by
the mass extinction at the end of that time interval (Field et al.,
2018), after which most modern avian groups radiated (Kuhl
et al, 2021). Yet, the evolutionary history of the entire avian
lineage (Pan-Aves) is far more ancient, also encompassing most
of the Mesozoic Era. During that time, it produced one of the
most notable, long-scale radiations known in the history of life,
the dinosaurs. Previous studies based on body fossils have made a
compelling case that the bird-crocodile divergence occurred early
in the Triassic (Ezcurra and Butler, 2018), matching the lowest
range—249 million years ago (Ma)—of molecular-clock
estimates (Chiari et al, 2012) and the footprint record of
ornithodirans (a clade including the bulk of Pan-Aves) in
Olenekian (ca. 251-247 Ma) rocks of Poland (Brusatte et al.,
2011).

In fact, the early pan-avian radiation is considered to have
occurred after the easing of the harsh environmental conditions
associated to the Permo-Triassic mass extinction (Sun et al., 2012;
Ezcurra and Butler, 2018), henceforth influenced by the
emplacement of the Siberian Traps LIP (Large Igneous
Province) at ca. 252 Ma (Burgess et al.,, 2017). Yet, the age of
the oldest pan-avian body-fossils is controversial, due to the
uncertainty in cross-continental correlation of tetrapod faunas
based on which their bearing deposits are pinned in the Triassic
timescale (Irmis, 2011; Marsicano et al., 2016). These include
aphanosaurs from Russia and India (Benton et al., 2017; Liu et al,,
2018; Ezcurra et al.,, 2021) and possibly younger ornithodirans
from southern Africa (Nesbitt et al., 2010; Nesbitt et al., 2013;
Peecook et al., 2013). However, there is consensus that those
likely Middle Triassic pan-avians are older than all other
recognised members of the lineage (Novas et al., 2021).

Although pan-avians were part of the biotic recovery from the
Permo-Trassic extinction, their Early-Middle Triassic fossil
record is meagre. This pattern drastically changes in the
Carnian (ca. 237-227 Ma), when sedimentary deposits with a
significant content of dinosaurs (e.g., Ischigualasto and Santa
Maria formations) or non-dinosaur Pan-Aves (Chafares
Formation) have been recorded especially across south
Pangaea (Langer et al, 2018). The Late Triassic rise of
dinosaurs was variously related to environmental shifts that
took place during that period (Langer et al, 2010; Brusatte
et al,, 2011), nicknamed their “lucky break” by Benton (1984).
More recently, data accumulated suggesting a pivotal role for the
Carnian Pluvial Episode (CPE) in such environmental changes
(Dal Corso et al., 2020), leading to the radiation of several groups,
including the dinosaurs (Bernardi et al., 2018; Benton et al., 2018;
Irmis 2011).

Starting at ca. 234 Ma and lasting for a maximum of two
million years (Dal Corso et al., 2020; Mancuso et al., 2020), CPE
was synchronous to, or slightly preceded, the oldest tetrapod
faunas with uncontroversial dinosaur body-fossils in South
America (Langer et al, 2018; Desojo et al., 2020), as well as
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the oldest dinosauromorph-dominated ichnofaunas of the
Southern Alps (Bernardi et al., 2018) and other parts of the
world (Mancuso et al., 2020). Hence, it has been considered as a
potential trigger of such early rise/dominance (Benton et al,
2018), perhaps linked to the emplacement the Wrangellia LIP
volcanism (Dal Corso et al, 2020). It is important to note,
however, that it is not until somewhat later in the Triassic that
dinosaurs actually became not only more diverse, but also
dominant and widespread in terrestrial ecosystems (Brusatte
et al.,, 2008; Irmis, 2011; Benton et al., 2018; Mancuso et al.,
2020), with “prosauropods” representing a major component of
several Norian tetrapod faunas in Europe, Greenland, South
America, and South Africa. According to Kent and
Clemmensen (2021), this might have been influenced by a dip
in atmospheric pCO2 at ca. 215-212 Ma of uncertain origins, but
close in time to the Manicouagan impact.

The end-Triassic mass extinction was one of the largest in
Earth history and has been usually correlated to the
emplacement of the Central Atlantic Magmatic Province
(CAMP) at ca. 201 Mya (Whiteside et al., 2010; Blackburn
et al,, 2013; Davies et al., 2017). It has long been suggested
(Colbert, 1958) that the emptying of ecospace caused by that
extinction, especially of crocodile-line archosaurs, provided
the opportunity for the first major radiation across all
dinosaur groups (Olsen et al., 2002; Brusatte et al., 2008).
In fact, a general increase in dinosaur diversity was recorded/
estimated for the entire Late Triassic-Early Jurassic interval
(Wang and Dodson, 2006; Brusatte et al., 2008; Sakamoto
et al., 2016; Tennant et al., 2018). Yet, partially because of
sampling biases (Barrett et al., 2009; Butler et al., 2011;
Upchurch et al,, 2011), the behaviour of diversity curves
across the Triassic-Jurassic boundary is more dubious.
Most authors identified a diversity rise, so that dinosaurs
emerged from the extinction more diverse than they were
before (Barrett et al., 2009; Butler et al., 2011; Irmis, 2011;
Upchurch etal.,, 2011; Starrfelt and Liow, 2016). Instead, some
studies found that, along with other groups, dinosaurs
suffered the consequences of the mass extinction, reducing
their raw diversity and diversification rates between the latest
Triassic and the earliest Jurassic (Lloyd et al., 2008; Tennant
et al., 2018).

In this study, we assess the impact of the Siberian Traps,
Wrangellia, and CAMP volcanisms on the early evolution of
terrestrial Pan-Aves. For that, we compiled a new set of
phylogenetic and occurrence data of Triassic and Early
Jurassic members of that group, which was used to
estimate taxic (i.e., richness) and phylogenetic diversity, as
well as diversification rates, through time. We also collected
body size data to characterise patterns of body size change and
calculate morphological evolution rates over the same time
span. These analyses aimed to identify shifts in
macroevolutionary patterns that may match the timing and
intensity of the tree LIPs mentioned above. In doing so, we
were able to more comprehensively characterise various
aspects of early pan-avian evolution,
especially those related to the rise of dinosaurs during the
Late Triassic.
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FIGURE 1 | (A) Time-calibrated phylogeny (majority rule consensus tree) of Triassic to Early Jurassic pan-avians (excluding pterosaurs), obtained from Bayesian
analysis using the fossilized birth—death model. Phylogenetic relationships as in our supertree ST 1 (silesaurids external to Dinosauria, theropods forming Saurischia with
sauropodomorphs, and herrerasaurs external to Eusaurischia). Blue bars indicate 95% highest posterior density age ranges of nodes. (B) Through-time phylogenetic
diversity (ineage-through-time) of terrestrial Pan-Aves. Dark red solid line represents mean values for the ten trees from topology ST 1 with “ghost lineages,”
whereas light red shade represents maximum and minimum values for those same ten trees. Dashed red line represents the uncertainty of patterns through the Toarcian,
from a possible “edge effect.” Timescale abbreviations: Anis. = Anisian; H. Hettangian; |. = Induan; Ladin. = Ladinian; Olen. = Olenekian; Pliens. = Pliensbachian; Rhaet. =

MATERIALS AND METHODS

Supertree Construction and

Time-Calibration

Some of the analyses employed here require phylogenetic
information. Therefore, using Mesquite 3.61 (Maddison and
Maddison, 2019), we manually assembled an informal
supertree of Triassic to Early Jurassic (Tr-EJ) terrestrial Pan-
Aves. Although our focus was on Late Triassic patterns, we also
included Early Jurassic taxa in order to minimise a possible “edge
effect” (i.e., spurious results at the edges of our interval of interest
derived from poor sampling or methodological limitations). The
pterosaurs were not included in the supertree, as we understand
that they occupy an entirely distinct morphofunctional space
(i.e., flying animals) from that of other early pan-avians, which
would add confounding factors to our study. The supertree

included as many nominal species of Tr-EJ terrestrial pan-
avians as possible, using the literature and the Paleobiology
Database (PBDB) as sources of information. We did not add
proposed junior synonyms of already included species, as well as
taxa with very dubious phylogenetic/taxonomic affinities, as the
putative Middle Triassic dinosaur Nyasasaurus parringtoni and
the putative Early Jurassic segnosaur Eshanosaurus deguchiianus.
Even though we acknowledge that some of these taxa could have
an influence on our results, we explicitly decided that their
inclusion would be potentially more problematic, as we would
have to add them to arbitrary positions in the tree.

The supertree also includes eight Tr-EJ specimens with
phylogenetic positions within Pan-Aves drawn from the
literature, but with no species-level assignation. Finally, given
that the supertree would be further used as input data to estimate
diversification rates, we attempted to account for possible
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cladogenetic events that occurred during the Tr-EJ, but were not
represented in our supertree. For that, we created a version of the
supertree added of terminals representing sister “ghost lineages”
of branches with Tr-EJ species. The versions of the supertree with
and without “ghost lineages” respectively include 187 and 164
terminals.

To account for the most notable diverging views of early
pan-avian phylogeny, we built four alternative versions of the
supertree (ST 1-4). Following several sources (e.g., Ezcurra,
2006; Irmis et al., 2007; Miiler et al., 2018; Pacheco et al., 2019;
Novas et al., 2021), ST 1 has silesaurids external to Dinosauria,
theropods forming Saurischia with sauropodomorphs (rather
than Ornithoscelida, with ornithischians), and herrerasaurs
external to Eusaurischia (Figure 1A). The other versions of
the supertree (Supplementary Figures S1-S3) differ from ST
1 in specific points: ST 2 has Theropoda and Ornithischia
forming Ornithoscelida (Baron et al., 2017), ST 3 has
silesaurids within Ornithischia (Langer and Ferigolo, 2013;
Miiller and Garcia, 2020), and ST 4 has sauropodomorphs at
the earliest saurischian dichotomy, so that many Triassic taxa,
including herrerasaurs, are placed along the theropod line
(Sereno, 1990; Nesbitt et al., 2009). Although other
phylogenetic arrangements for early dinosaurs
proposed in the literature, it was not feasible to
accommodate them all here in further supertree versions.
Except for the differences mentioned above, ST1-4 have all
the same topological configuration, which was drawn from a
vast array of sources (Supplementary Table S1). Accordingly,
also taking into account the topologies with and without
“ghost lineages,” eight different versions of the supertree
were used in our study. Because pterosaurs were not
included in our analyses, the recent proposal that
lagerpetids form its sister-group (Ezcurra et al., 2021) does
not alter the pan-avian topologies evaluated here.

The eight supertree versions were then time-calibrated
using Bayesian inference under a fossilized birth-death
(FBD) process (Stadler, 2010; Ronquist et al., 2012a; Heath
et al., 2014). We used R (version 4.1; R Core Team, 2021)
package paleotree (Bapst, 2012) to create a MrBayes command,
with an “empty” morphological matrix, to perform Bayesian
Markov chain Monte Carlo (MCMC) tip-dating analyses in
MrBayes version 3.2.6 (Ronquist et al., 2012b). The supertree
versions were used as topological constraints, with the
addition of three non-pan-avian archosauromorphs
(Ctenosauriscus koeneni, Jaxtasuchus salomoni, Euparkeria
capensis) as successive outgroups to Pan-Aves, which were
then removed before subsequent macroevolutionary analyses.
A uniform prior was used for the root of all versions of the
supertree, constrained between 264.28 and 247.2 Ma (Turner
et al., 2017; Ezcurra and Butler, 2018). Uniform priors were
also used for the tip ages, which were set based on occurrence
date information. These were taken from the most recent
literature, using radioisotopic ages when available and
looser age intervals for taxa from stratigraphic units
lacking absolute ages (Supplementary Table S2). A fixed
age of 174.1 Ma was assigned to all “ghost lineages” treated
as terminals.

were
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For each of the eight supertree versions, we performed two
MCMC runs of 20,000,000 generations, with four chains each and
a burn-in factor of 30%. Convergence was assessed using
potential scale reduction factors (values approaching 1.0) and
average standard deviation of split frequencies (values below
0.01). For each version of the supertree, we saved ten trees
randomly sampled from the posterior distribution for
subsequent analyses, as well as the maximum clade credibility
(MCC) tree.

Diversification Rates From Time-Calibrated

Phylogenetic Trees

For estimating through-time net diversification rates, we
implemented a piecewise-constant (episodic) fossilized-birth-
death (EFBD) model (Magee and Hoéhna, 2021) in a Bayesian
framework. The model EFBD is an extension of previous
fossilized-birth-death models (Stadler, 2010; Gavryushkina
et al., 2014; Heath et al., 2014), which uses Horseshoe Markov
random field (HSMREF) prior distributions (Magee et al., 2020) to
keep rates of speciation (1), extinction () and fossilization (¢)
constant within time intervals, but allowing them vary across
intervals. This model enables to estimate variation in net
diversification rates (A-w) using phylogenies (with extant and/
or extinct taxa) as input data (Magee and Hohna, 2021). For our
EFBD analyses, we used ten randomly-sampled trees for each of
the eight different time-calibrated topologies (four with and four
without “ghost lineages”).

We used a Half-Cauchy distribution as prior for the global
scale parameters of A, y, and ¢. The global scale hyperpriors of the
rates variation are dependent on the number of time bins used in
the analyses. A time-interval scheme of approximately equal-
length (ca. five million years) time bins was defined by
subdividing longer Tr-EJ stages (ie., Carnian, Norian,
Sinemurian, Pliensbachian, and Toarcian), so that stages and
time bins have matching boundaries. This resulted in sixteen time
bins for the topologies with “ghost lineages” and fifteen for those
without “ghost lineages” (given that the second group of trees had
consistently younger root ages). For calculating hyperpriors, we
used R function setMRFGlobalScaleHyperpriorNShifts() from
package RevGadgets (Tribble et al., 2021).

Given that in the EFBD model the rate-changes are modelled
backwards in time, it is usually necessary to estimate A, 4, and ¢ at
present. However, as we do not have extant taxa in our trees, this
estimation used the most recent point in time of our study
(i.e,, end of the Early Jurassic), for each tree. This was done
using empirical Bayes strategy, by setting a constant-rate
fossilized-birth-death model and wusing their posterior
distribution to determine the prior on the rates at the most
recent point in time. For that, we adapted the RevBayes script
available at https://revbayes.github.io/tutorials/divrate/efbdp_me.
html and used the R function posteriorSamplesToParametricPrior()
from RevGadgets to obtain the Gamma priors of each rate for all
the 80 trees.

Another important aspect of the EFBD analyses is the
sampling parameter (®0 or p; Magee et al., 2020), which is the
probability of sampling extant species at the present. Again, as we
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do not have living species in our trees, we used the most recent
point in time. Estimating ®0 is challenging, given that there is no
unambiguous way to infer dinosaur diversity during the Mesozoic
(Benson, 2018). Therefore, we ran two sets of EFBD analyses, one
with @O0 set to 0.08, in which we assume that the sampled species
in our tree represent 8% of the total dinosaur diversity during the
latest Early Jurassic, and another with @0 set to 0.3, which
assumes that we sampled 30% of the real diversity. Although
these values are arbitrary, we believe this procedure allowed us to
test if changes in this parameter significantly affected the overall
patterns of though-time net diversification rates.

We performed sixteen sets of EFBD analyses in RevBayes
v1.1.0 (Hohna et al., 2016), with eight topologies (four with “ghost
lineages” and four without) and two different values of @O0,
resulting in 160 analyses in total. Each analysis comprised two
MCMC runs of 200,000 iterations (each iteration consisted of 685
moves), sampling every 200 generations. Convergence was
inspected using the software Tracer (Rambaut et al., 2018), by
confirming that the effective sample sizes (ESS) of all parameters
were above 200. After discarding the first 10% of samples as burn-
in, we used R package RevGadgets (Tribble et al., 2021) to
summarize the results of all sixteen sets of analyses and
visualize them using rates-through-time (RTT) plots.

Diversification Rates From Occurrence
Data

We also estimated through-time net diversification rates from
fossil occurrence data, by using the hierarchical Bayesian
framework implemented in PyRate v3.0 (Silvestro et al., 2014a;
Silvestro et al., 2014b; Silvestro et al., 2019). PyRate jointly models
the preservation and diversification processes, using a birth-death
model to estimate speciation and extinction rates (A and u,
respectively) from estimated lifespans of taxa (Silvestro et al,
2015).

We downloaded Tr-EJ occurrence data for three main groups
(Aphanosauria, Lagerpetidae, and Dinosauromorpha) from the
Paleobiology Database (PBDB) on 24 December 2021, under the

following settings: taxon = Aphanosauria/Lagerpetidae/
Dinosauromorpha,  taxonomic  resolution =  species,
preservation = regular taxa only, taxon status = all,

identification = latest, time rule = major. The dataset was then
curated, with the inclusion of thirteen occurrences (i.e., newly
named species and unnamed specimens with phylogenetic
information available that were included in our supertree) and
the exclusion of fifteen occurrences (mainly ichnotaxa). The final
occurrence dataset included 410 occurrences from 176 species
(and seven unnamed specimens, which probably represent new
taxa), 65% of which are singletons.

From this occurrence dataset, we followed recent
recommendations within Cerny’r et al. (2021) and created two
types of datasets: one in which the age of every occurrence was
independently drawn from the corresponding range and one
“site-linked” dataset. In the “site-linked” dataset, a single age is
drawn from the temporal range of every site/collection and
assigned to all the occurrences from the same PBDB collection
number. This simultaneously accounts for age uncertainty and

So Volcanoes Created the Dinosaurs?

for the fact that the ages of all fossils from the same site are
approximately equal. We further accounted for occurrence age
uncertainty by replicating ten times the procedures to create site-
linked and site-unlinked occurrence datasets, resulting in twenty
datasets, which served as input data for the PyRate analyses.

For the PyRate analyses performed in this study, we broke
down the birth-death process into time intervals, using the same
time bins used for the EFBD analyses (i.e., 16 time bins of
approximately five million years, delimited by stratigraphic
stages). This was done to ease comparisons with the results of
the EFBD analyses and was achieved by using the -fixShift option
within PyRate, to estimate A and g within the time intervals. To
avoid overparameterization, this option assumes Half-Cauchy
prior distributions for A and u between shifts, with a hyperpriors
on the scale parameters (Silvestro et al., 2015).

Instead of using a single preservation model for our PyRate
analyses, we compared the results of three different models. The
default model is the non-homogeneous Poisson process of
preservation (NHPP), in which preservation rates (q) change
during the lifespan of each lineage, following a bell-shaped
distribution (Silvestro et al, 2014a). We also used a
homogeneous Poisson process (HPP), in which q is constant
through time (Silvestro et al., 2015), and a time-variable Poisson
process (TPP), which assumes that q is constant within time
intervals, but can vary across them (Silvestro et al., 2019). For the
TPP models, we used the same time bins of approximately five
million years. Also, to incorporate rate heterogeneity across
lineages, a Gamma model of rate heterogeneity with five
categories was used.

We performed six sets of PyRate analyses, with three
preservation models and two types of occurrence datasets
(site-linked and site-unliked), resulting in 60 analyses in total.
Each analysis consisted of 1,000,000 MCMC iterations, sampling
every 1,000 iterations. Convergence was inspected using the
software Tracer (Rambaut et al.,, 2018), by confirming that the
effective sample sizes (ESS) of most parameters were above 200.
We excluded the first 10% of the samples as burn-in and
combined the posterior estimates of each set of analyses to
visualize the results using RTT plots. PyRate analyses
performed here used adapted versions of the codes made
available by Cerny et al. (2021).

Taxic Richness and Phylogenetic Diversity
We also quantified diversity of Tr-EJ terrestrial pan-avians using
two additional metrics: raw taxic richness (or taxonomic
diversity) and phylogenetic diversity (also known as lineage
richness or lineage-through-time plots). To quantify taxic
richness, we used the same occurrence data and time bins
from the PyRate analyses and subdivided pan-avian taxa using
R function taxicDivDisc() from package paleotree (Bapst, 2012).
Given that previous works demonstrated that the geological
record affects the observed diversity (Barrett et al., 2009
Butler et al.,, 2011; Irmis, 2011; Upchurch et al,, 2011), we also
quantified the number of PBDB collections as a proxy for fossil
localities, in order to better understand possible biases in the
estimated taxic richness. In comparison to rock (i.e., geologic)
units, the number of collections is also affected by anthropogenic
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variables such as sampling effort, but both metrics are strongly
correlated (Cerny et al., 2021). We quantified the number of
PBDB  collections with aphanosaur, lagerpetid, and
dinosauromorph body fossils, and also compared to those of
continental origins with tetrapods in general. Finally, we also
estimated phylogenetic diversity from the eight alternative
topologies (four with “ghost lineages” and four without), using
a set of ten trees randomly sampled from our time-calibration
FBD analyses for each topology and the R function /#t95() from
package phytools (Revell, 2012).

Body Size Data Collection and Rates of

Morphological Evolution

We collected maximum femoral length from 161 species/
specimens of Tr-EJ terrestrial pan-avians as proxy for total
body size (Supplementary Table S3). Femoral length was
selected because it has been demonstrated that this
measurement scales isometrically with body length/mass
during archosaur ontogeny (Anderson et al, 1985) and has
therefore been vastly used in previous studies (e.g., [rmis 2011;
Sookias et al., 2012a; Sookias et al., 2012b; Turner and Nesbitt,
2013; Sengupta et al., 2017; Pradelli et al., 2022). Approximately
75% of the femoral length data were made available by Pradelli
et al. (2022), whereas the remaining data were collected from the
literature. For consistency, we followed the protocol of Pradelli
et al. (2022), using the largest available specimen for taxa with
more than one preserved femur. For taxa lacking femora (or the
complete bone), simple linear lengths of preserved skeletal parts
were measured and used to estimate total femoral length from the
closest taxon with both elements preserved. This resulted in ca.
39% of the femoral length dataset being estimated, either by us or
Pradelli et al. (2022). All subsequent analyses and plots used log-
transformed femoral length in millimetres (Benson et al., 2022).
For analyses that require information from phylogenetic trees, we
pruned the trees (derived from the original topologies) to keep
only terminals for which we did have body size/femoral data.

Using the same sixteen time bins used for diversity/
diversification analyses, we generated through-time plots of
minimum, maximum, and mean pan-avian body size. Body
size disparity was also estimated, using the standard deviation
as a metric of disparity and calculating 95% confidence intervals
from bootstrapped data (500 times) with R package dispRity
(Guillerme, 2018). We also constructed four additional through-
time plots that incorporated ancestral femoral length, which were
estimated from the MCC trees of the four topologies with “ghost
lineages” and using the R function fastAnc() from package
phytools (Revell, 2012).

We also estimated morphological (=body size) evolutionary
rates in a Bayesian framework using BayesTraits v3.0 (Pagel and
Meade, 2006; Venditti et al., 2011; Baker et al., 2016; Meade and
Pagel, 2017). We detected evolutionary rate shifts by using the
variable rates model, which rescales branches that show trait
variance incompatible with a homogenous (=Brownian motion)
model (Baker et al., 2016). For ten trees of each of the eight
original topologies, we run MCMC reversible-jump analyses for
2,000,000,000 generations, sampling parameters 80,000 and
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discarding the first 400,000,000 as burn-in. Using stepping-
stone sampling (1,000 stones and 100,000 iterations per stone),
we compared the fit of two models (homogeneous and
heterogeneous rates) using Bayes factor, which revealed higher
support for the heterogeneous/variable rates model. Convergence
of MCMC runs was assessed with R package coda (Plummer et al.,
2006), by confirming that the effective sample sizes (ESS) of all
parameters were above 200. We then used the Variable Rates Post
Processor (Baker et al., 2016) to extract values of rate through
time (i.e., log-transformed relative evolutionary rate scalar) for
each tree, divided by 90 equally spaced time bins of approximately
one million years. We used an adapted version of the R code made
available by Stubbs et al. (2021) to generate BayesTraits scripts for
our analyses.

RESULTS AND DISCUSSION

Overall Patterns of Diversity and

Diversification Rates

Similar overall patterns of phylogenetic diversity are observed
across curves obtained from the four alternative topologies used
in this study (Figure 1B, Supplementary Figure S4). In contrast,
more differences are observed when trees that incorporate “ghost
lineages” are compared to those without them (Supplementary
Figure S5), with the latter usually showing slightly delayed
increases in diversity. Another major difference is that trees
with “ghost lineages” show an increase in phylogenetic
diversity towards the end of the Early Jurassic (i.e., during the
Pliensbachian) which is not recovered from trees without “ghost
lineages.”

Comparisons between raw taxic richness and phylogenetic
diversity of Tr-EJ terrestrial pan-avians show marked differences
in the timing and magnitude of most significant peaks. Whereas
raw richness peaks during the Carnian (Figure 2A), the highest
phylogenetic diversity values are usually observed in the Norian.
Also, the second largest peak in taxic richness is seen in the
Rhaetian. This is not reproduced in most of the phylogenetic
diversity plots, for which the Rhaetian shows similar or lowers
values to those of the Norian. These inconsistencies might be due
to differences in datasets used to obtain both diversity metrics,
given that we used occurrence data for quantifying raw richness
and time-calibrated trees to estimate phylogenetic diversity. Yet,
this might also result from real diversity hidden by ghost lineages,
which cannot be captured by raw taxic richness. This is mostly
demonstrated by the lineage-through-time plots constructed with
the trees with explicitly included “ghost lineages,” in which some
increases in phylogenetic diversity predate rises in taxic richness,
such as those in the Ladinian vs. Carnian and in the Norian vs.
Rhaetian.

In terms of diversification rates, EFBD results (Figure 3,
Supplementary Figures S6-S21) show relatively similar
patterns across all topologies, with or without “ghost lineages,”
whereas changes in the value used for the sampling parameter
(P0) seemed to only affect the rates for the last (i.e., most recent)
time bin. PyRate results (Figure 2B, Supplementary Figures
§22-827 ) also show consistent patterns between site-linked and
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site-unliked analyses. In terms of preservation model, the TPP
model received higher support and shows similar results to the
HPP model (the second best supported), whereas the NHPP
model yielded slightly lower rates in comparison to the other
models (a pattern also observed by Cerny et al., 2021). PyRate and
EFBD results do share some similarities, such as below-zero net
diversification rates during most of the Early Jurassic, but also
exhibit significant differences. For example, EFBD results show
much higher rates in the Middle Triassic than the PyRate results,
whereas the latter display a peak in the Hettangian not seen in our
EFBD results. These inconsistencies are likely due to the
inherently different nature of the employed types of data
(occurrence data vs. phylogenetic trees) and, consequently, of
the two methods.

In the following paragraphs, we further report and discuss
these results in a chronological order, from the Middle Triassic to
the Early Jurassic, also comparing them to previously published
studies that focused on similar questions, e.g., Barrett et al. (2009),
Butler et al. (2011), Irmis (2011), Upchurch et al. (2011), Starrfelt
and Liow (2016), Tennant et al. (2018). It is important to stress
again that our prime aim was to analyze macroevolutionary
patterns within the time frame of the tree main Triassic LIPs.
For that, in an attempt to prevent an “edge effect” of
masquerading such patterns along the Triassic-Jurassic

boundary, we extended our data sampling into the entire Early
Jurassic. In doing so, we were able to more comprehensively
evaluate the Triassic-Jurassic event, but we moved the potential
“edge effect” to the Early-Middle Jurassic boundary. Hence, we
suggest caution in interpreting the Early Jurassic patterns
reported here, especially those near the end of that time interval.

Pan-Avian Diversity Patterns in the Middle

Triassic

Taxic diversity or richness of Pan-Aves was relatively low in the
Middle Triassic (Figure 2A). This is consistent with patterns of
dinosauromorph taxic diversity (Irmis, 2011, Figure 3) and pan-
avian (=avemetatarsalian) morphological disparity (Brusatte
et al., 2008) previously reported for that time interval. Across
the Middle-Late Triassic boundary, we see a higher increase in
taxic richness than Irmis (2011) reported for dinosauromorphs.
This likely results from a reduction of Ladinian richness values
due to the recent dating of the Chanares Formation of Argentina
as Carnian in age (Ezcurra et al., 2017), which could also explain
the Ladinian to Carnian maintenance of species richness found by
Irmis (2011, fig. 4), when taxic diversity is normalised by the
number of stratigraphic units with dinosauromorphs records.
This overall pattern of taxic richness is consistent with our PyRate
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FIGURE 3 | Net diversification rates of Triassic to Early Jurassic

terrestrial Pan-Aves, estimated from phylogenetic trees using the episodic
fossilized-birth-death (EFBD) model from RevBayes. Solid orange line
represents the mean values (posterior estimates) across all ten trees,
whereas light orange shade represents 95% credible intervals. Dashed
orange line represents the uncertainty of patterns through the Toarcian, from a
possible “edge effect.” Results shown for the four topologies with “ghost
lineages” and sampling parameter (®0) of 0.08. Topologies (A) ST 1, (B) ST 2,
(C) ST 3, and (D) ST 4. Timescale abbreviations: as in Figure 1.

results (i.e., diversification rates estimated from occurrence data),
for which positive, but low rates are seen for the Ladinian
(Figure 2B). However, in contrast to raw richness, PyRate
results show relatively higher values for the Anisian, a pattern
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that might be explained by the inclusion of non-dinosaur early
pan-avians in our analyses (e.g., aphanosaurs, silesaurids), which
were accounted for the first time in quantitative studies
investigating diversification patterns of the group.

The scenario changes when phylogenetic information is
employed. In terms of phylogenetic diversity (i.e., accounting
for “ghost-lineages”), relatively higher values are seen during the
Middle Triassic, with a steady increase across the Anisian and
Ladinian, peaking near the Middle-Late Triassic boundary
(Figure 1B, Supplementary Figure S4). This matches overall
patterns of dinosauromorph phylogenetic diversity found by
Irmis (2011, fig. 3), but the new Carnian dating of the
Chanares Formation mentioned above can explain our higher
values for the Ladinian, compared to those found based on his
strict temporally-calibrated phylogenies. Additionally, in our
EFBD results (i.e., diversification rates estimated from time-
calibrated phylogenetic trees), diversification rates are higher
in the Middle Triassic than in any other time interval analysed
here (Figure 3). Therefore, the overall patterns of diversity and
diversification rates seem affected by the incorporation of
phylogenetic information and, consequently, of divergence
times (i.e, node ages) data. This is noticeable during the
Middle Triassic, for which we see higher diversity and
diversification rates when phylogenetic information is
accounted for.

Given the meagre fossil record of Middle Triassic pan-avians,
the analyses performed here are not suitable to elucidate much
about patterns possibly influenced by the Permo-Triassic mass
extinction. It may be asserted that pan-avians experienced
important diversification events (Figures 2B, 3) and a
sustained rise in diversity (especially in phylogenetic diversity;
Figure 1B, Supplementary Figure S4) along the Middle Triassic.
This was previously hinted by the record of some dinosauriform-
dominated ichnofaunas that predate the Ladinian-Carnian
boundary (Olsen et al., 1998; Carrano and Wilson, 2001;
Marsicano et al., 2007; Farlow et al., 2014; Benton et al., 2018;
Mancuso et al., 2020). Thus, the Middle Triassic seems to have
witnessed important pulses of pan-avian diversification, but these
probably were not sufficient to result in significant impacts in
taxic richness (Figure 2A). Indeed, the body-fossil record of
lineages may only consistently increase when these are already
well established, what will commonly postdate increases in
diversification rates. Also, given that rates are estimated
comparatively to previous time intervals, when the rising
lineages are naturally less diverse, diversification rates will tend
to be relatively higher in older time bins.

One may question how much of the Middle Triassic patterns
of pan-avian diversity is dictated by the rock record. Indeed, raw
richness curves for the Triassic greatly mirror those depicting the
number of fossil localities with records of the group (using PBDB
collections as a proxy for localities; Figure 2A). Yet, it is also
correct that, unlike later in the Triassic (ca. 25%), and surely in
the Jurassic (ca. 70%), few Middle Triassic continental fossil sites
with tetrapod remains (ca. 10%) have pan-avian records
(Figure 2A), indicating that the Triassic expansion of the
group is not merely a sampling artefact. These results for the
Middle Triassic indicate that, even if somehow delayed, pan-avian
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rise was part of the faunal recovery that followed the Permo-
Triassic mass extinction. Accordingly, there is evidence that some
of the main early pan-avian increases in diversity (Figure 1B,
Supplementary Figure S4) and diversification rates (Figures 2B,
3) preceded the Late Triassic.

Finally, N. parringtoni was not included in our analysis, but
has been previously positioned as the sister-taxon to Dinosauria
(Nesbitt et al., 2013), as well as within each of the three main
dinosaur groups (Nesbitt et al., 2013; Baron et al., 2017). The
inclusion of this taxon in the former position would probably not
change much the results of the phylogeny-intermediated analyses
presented here. On the contrary, the record of a Middle Triassic
theropod, ornithischian, or sauropodomorph, as unlikely as it
may be (Novas et al., 2021), would extend a number of ghost-
lineages into that time interval, so that phylogenetic diversity and
EFBD values in the Anisian-Ladinian would probably be much
higher than estimated here (Figures 1, 3).

What Really Happened in the Carnian?

The Carnian was divided in two time bins in our analyses, with
terrestrial pan-avian taxic richness rising at “Carnian 1”7 (in
comparison to the Ladinian) and reaching its peak by
“Carnian 2” (Figure 2A). The increase at “Carnian 1” happens
with only minor changes in the number of PBDB collections for
both continental Tetrapoda and terrestrial Pan-Aves, whereas
that of “Carnian 2” is synchronous to equivalent rises
(Figure 2A). A similar taxic richness increase was found by
Irmis (2011, fig. 3) for dinosauromorphs in the Carnian (although
not when normalized by the record of geologic units, see above).
This is consistent with previously proposed scenarios, in which a
higher ~Carnian diversity, recently termed “dinosaur

diversification event” (Bernardi et al., 2018), matches the
oldest uncontroversial dinosaur records (Ezcurra 2010). Such
diversification event was suggested to be synchronous (Bernardi
et al.,, 2018) or to slightly postdate (Benton et al., 2018) the CPE,
the proposed age of which, at 234-232 Ma (Dal Corso et al., 2020;
Mancuso et al., 2020), places the event at the end of our “Carnian 1”
time bin. Yet, it is important to notice that the maximal duration
of the CPA (2 Ma) is significantly shorter than the ca. 5 Ma time
bins employed here. In fact, the effects of such a short event will
possibly appear downweighed in the time-bin it belongs to, and
variations within that time bin will be unaccounted for. In any
case, a steady increase in diversification rates (from PyRate
analyses) is seen for our two Carnian time bins (Figure 2B),
with a Late Triassic peak at “Carnian 2,” showing that
diversification rates estimated from occurrence data track the
patterns of raw richness for this Stage. Yet, the increase in
number of collections at “Carnian 2” cannot be ignored as a
possible source of biases to these metrics.

Unlike taxonomic richness, phylogenetic diversity of
terrestrial Pan-Aves in the Carnian is broadly similar to that
seen in the Ladinian (Figure 1B, Supplementary Figure S4),
although an increase trend is seen in the former Stage and the
inverse is the case for the later, with a clear reduction from
“Carnian 17 to “Carnian 2.” A decline/maintenance in
phylogenetic diversity from the Ladinian to the Carnian was
also reported by Irmis (2011) when the data are normalized by the
number of dinosauromorphs-bearing geological units (the same
pattern was found for taxic diversity). Our EFBD results
(Figure 3) show lower diversification rates in the Carnian
than in the Middle Triassic, broadly tracking the phylogenetic
diversity curve (Figure 1B, Supplementary Figure S4). Even
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though the overall pattern remains the same, some differences are
recognized in the EFBD results depending on the topology. For
example, ST 3 topology (with silesaurids within Ornithischia) has
comparatively lower Carnian rates, possibly due to an estimated
Ladinian origin of Dinosauria, following the record of Middle
Triassic ornithischians (Figure 3C). Likewise, ST 4 (with
sauropodomorphs rising from the earliest saurischian
dichotomy) shows notably higher rates for “Carnian 1,” which
could be explained by the placement of several Carnian taxa
within Theropoda, resulting in an estimated “Carnian 1” origin of
Eusaurischia (Figure 3D). A similar explanation can be used to
explain the slightly delayed increase in phylogenetic diversity seen
for ST 4, which occurs only after the Ladinian-Carnian boundary,
contrasting with the three other topologies (Supplementary
Figure S4).

As also seen in the Middle Triassic, our results for the Carnian
are influenced by the use of phylogenetic information (i.e., the
incorporation of temporal information from the time-calibration
of the trees). Depending on the approach used, the Carnian is a
stage in which terrestrial pan-avian richness/diversification is
either higher or lower than/equal to that of the Middle Triassic.
This is vital to consider, because previous studies suggested that
the CPE, at the end of “Carnian 1,” is linked to the “dinosaur
diversification event,” which is usually given a Carnian age
(Ezcurra 2010; Benton et al, 2018; Bernardi et al., 2018).
Thus, both taxonomic richness and PyRate results, which lack
phylogenetic data, corroborate the hypothesis that the Carnian
was a period of major diversity shifts for pan-avians, with high
diversification rates and significant increases of richness. On the
contrary, phylogenetic diversity and diversification rates
estimated from EFBD analyses indicate that the main
diversification pulses and increases in species richness among
terrestrial Pan- Aves happened before the Carnian, with terrestrial
pan-avian faunas of this stage remaining at similar levels of
richness and having lower diversification rates than in the
Middle Triassic. In this case, CPE cannot be considered a
driver of pan-avian diversification, although it can still be
regarded as favouring the establishment of terrestrial pan-
avian faunas that diversified previous to that. Indeed, the
oldest fossil assemblages with an expressive pan-avian record
are from the Carnian, which also witnessed the first records of the
group in northern Pangaea. So, it is clear that the Carnian was a
critical moment for the establishment of pan-avians. However,
the incorporation of phylogenetic information suggests that it is
more likely that the diversification and rise in richness leading to
this scenario happened before, towards the end of the Middle
Triassic.

The Long Norian and the Peculiar Rhaetian
The Norian was divided into three time bins in our analyses, with
terrestrial pan-avians keeping a relatively high and constant taxic
richness, although lower than that of “Carnian 2” (Figure 2A).
Irmis (2011, fig. 3) also found an initial drop in taxic richness
during the Norian, but followed by a rise in the second half of the
Stage. Such an increase is also reported by some other studies
focusing only on dinosaurs (e.g., Butler et al., 2011; Upchurch
et al., 2011; Starrfelt and Liow, 2016). However, Irmis (2011)
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suggests that the Norian rise of dinosauromorph diversity is
heavily influenced by the richer rock record of the Stage, as
also noticed by other counts of raw richness (Barrett et al., 2009;
Butler et al., 2011; Upchurch et al, 2011). Indeed, when
normalized by dinosauromorph-bearing geological units
(Irmis, 2011, fig. 4), results for that group are comparable to
ours of taxic richness, with a decrease in the first half of the
Norian and maintaining similar values in the second half. In fact,
our taxic richness results for the Norian seem influenced by the
rock records, as they strongly correlate with the number of PBDB
collections (Figure 2A). Also, the relatively low richness during
the Norian reported here can be explained by two extra factors:
the division of the Stage in more time bins (generally lowering TR
in each one of them) and the inclusion of non-dinosaur terrestrial
Pan-Aves, which may not have increased diversity from Carnian
to Norian as much as dinosaurs alone. In addition, our PyRate
results are consistent with the taxic richness curve, with a
decrease in net diversification rates throughout the Norian
(Figure 2B), reaching sub-zero values “Norian 3.”

When phylogenetic data are accounted for, a different picture
again emerges. The phylogenetic diversity of terrestrial Pan-Aves
rises abruptly along the first two-thirds of the Norian, reaching
the highest peak seen during the entire Tr-EJ time span, followed
by a slight decrease in the last third of the Stage (Figure 1B,
Supplementary Figure S4). This generally matches previous
phylogeny-based estimates, which agree on a Norian rise of
phylogenetic richness (Barrett et al., 2009; Irmis, 2011). Yet,
when normalized by the rock record, Irmis (2011) found a
reduction in dinosauromorph phylogenetic richness along that
Stage, with an increase only for sauropodomorphs (Barrett et al.,
2009). Our EFBD results (Figure 3) broadly match the
phylogenetic diversity estimated for the Norian, with net
diversification values mostly above zero and constantly higher
than those of the Rhaetian and “Carnian 2.”

As also seen for older time bins, our phylogeny-dependent
analyses account for ghost-lineages extending back in time
towards the Norian, in this case from Rhaetian-Jurassic taxa,
so that estimated richness and diversification rates for that Stage
are lower when a taxic/occurrence approach is employed. Hence,
we agree with prior suggestions that the high Norian raw richness
found in some studies are biased by the availability of further
sites/deposits of that age. Yet, the phylogenetic data cannot be
totally ignored, and our results indicate that the Norian hosted a
diversity of terrestrial Pan-Aves that is still to be fully accounted,
possibly related to taxa that diversified along that Stage to stablish
themselves— more conspicuously impacting taxic counts—only
latter in time. A possible candidate group to fill that gap are the
ornithischian dinosaurs that, depending on the chosen topology,
bear ghost-lineages encompassing almost the entire Late Triassic.

The Norian is traditionally considered a key-period for
dinosaur evolution, when the group attained higher faunal
dominance (McPhee et al,, 2017; Benton et al., 2018), larger
sizes (Benson et al., 2014; Apaldetti et al., 2018; Pradelli et al,,
2022), greater disparity (Brusatte et al., 2008; Apaldetti et al,
2021), and a broader geographical distribution (Kent and
Clemmensen 2021), although some of these patterns are
clearly clade- and region-specific (Whiteside et al., 2015).
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Indeed, the rise in terrestrial pan-avian body size (see below) and
diversity seems biased towards sauropodomorphs. On the other
hand, this group expanded their range to northern Pangaea in the
Norian, together with other pan-avians, such as theropods and
lagerpetids, although sauropodomorphs remain unrecorded in
continental North America. This “northward dispersal” has been
correlated with a greenhouse dip in atmospheric pCO, at ca.
215-212 Ma, which attenuated climate barriers (Kent and
Clemmensen, 2021). Its timing broadly coincides with our
“Norian 3” time bin, which records similar values of diversity
(considering both taxic and phylogenetic diversity) and lower
diversification rates (from both PyRate and EFBD results)
compared to previous Norian time bins. Hence, if these
climate changes affected terrestrial pan-avian diversity at all it
was towards a reduction of such metrics. In any case, even if our
data does not indicate that an important rise in the diversity of
terrestrial Pan-Aves occurred in the Norian, this has been
recognized for sauropodomorphs (Barrett et al., 2009; Irmis,
2011; Mannion et al., 2011) and seems to be an unbiased
pattern for this group in particular. As discussed by Apaldetti
et al. (2021), the Norian rise of Sauropodomorpha may be
associated with a reduction in the diversity (although not
extinction) of other herbivorous groups, such as rhynchosaurs,
traversodontid cynodonts, and dicynodonts (Benton et al., 2018).

Consistent with our results for terrestrial Pan-Aves
(Figure 2A), a Rhaetian increase in dinosaur estimated
diversity/richness was reported by Starrfelt and Liow (2016)
and Tennant et al. (2018), although with broad confidence
intervals in the former. Our division of the Norian in three
time bins likely explains the low richness in each of them (see
above), relative to the single Rhaetian time bin, given that the
reverse—a richer Norian—has been more commonly reported
(Barrett et al., 2009; Butler et al., 2011; Upchurch et al.,, 2011;
Starrfelt and Liow, 2016). This was found by Irmis (2011) for
dinosauromorphs as well, although taxic richness was slightly
higher in the Rhaetian when normalized by the number of
bearing stratigraphic units. On the contrary, Barrett et al
(2009) found taxic richness to remain stable across the
Norian-Rhaetian boundary for theropods, and to drop for
sauropodomorphs, when the rock record is accounted for.
Matching our taxic richness results, our PyRate results show
an increase in diversification rates over the Norian-Rhaetian
boundary, but keeping sub-zero values (Figure 2B). Again,
those values match a Rhaetian rise in PBDB collections, which
might bear some influence on our results.

Lineage-through-time plots show that the Rhaetian follows
trends already present by the end-Norian, with phylogenetic
diversity either persisting to decrease or maintaining stable
values (Figure 1B, Supplementary Figure S4). Irmis (2011)
found dinosauromorph phylogenetic diversity to reduce in the
Rhaetian, but to slightly increase when normalized by the number
of stratigraphic units. Likewise, Barrett et al. (2009) found
Rhaetian lineage richness to decrease for all major dinosaur
groups. Somehow mirroring phylogenetic diversity, the near-
zero diversification rates for the Rhaetian found by our EFBD
results are either equal or lower than those of the end-Norian
(Figure 3).
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Our phylogeny-intermediated results (i.e., phylogenetic
diversity and EFBD results) for the Rhaetian consistently
reveal lower values (Figures 1B, 3), compared to those of the
taxic/occurrence analyses (Figure 2). This matches higher values
for the Norian, showing that the Rhaetian high taxic richness may
be the result of a prior diversification event. Even if higher than in
“Norian 3,” the sub-zero rates from occurrence data reveals no
meaningful diversification in the Rhaetian. Hence, taken as a
whole, our results seem to indicate that the Rhaetian has not
witnessed any major diversification event for terrestrial Pan-Aves;
what is mostly in agreement with previous studies, except for
Starrfelt and Liow (2016) and Tennant et al. (2018).

Patterns Across the Triassic-Jurassic
Boundary

Our results show that a drop in terrestrial Pan-Aves taxic richness
takes place across the Triassic-Jurassic boundary, matching that
of PBDB collections with records of the group, which is much
weaker than that for continental tetrapods in general (Figure 2A).
This agrees with the dinosaur richness estimates of Starrfelt and
Liow (2016) and Tennant et al. (2018), but most prior studies
inferred instead a rise in dinosauromorph/dinosaur taxic richness
from the Rhaetian to the Hettangian (Barrett et al., 2009; Butler
etal., 2011; Upchurch et al., 2011; Irmis, 2011; Starrfelt and Liow,
2016). Yet, Barrett et al. (2009) found that this is the case only for
ornithischians, when data are normalised by the rock record. Our
results show a similar pattern of decrease in phylogenetic
diversity (Figure 1B, Supplementary Figure S4), but mostly
following a reduction trend already present in the Rhaetian.
Again, this differs from most previous estimates of lineage
richness, which increases in the Hettangian for
Dinosauromorpha (most results of Irmis, 2011), as well as for
all major dinosaur groups (Barrett et al., 2009). Such differences
may be explained by the increased sampling of our dataset, as well
as by not accounting for the diversity of non-dinosaurian taxa, in
the case of Barrett et al. (2009), and by the employed methods of
time-calibration and normalisation, in the case of Irmis (2011).

Perhaps the most striking of our results is the Hettangian peak in
diversification rates from occurrence data (PyRate results; Figure 2B).
However, as discussed by Cerny et al. (2021), some diversification
shifts by PyRate might not be real, but artificially generated by high
rates of fossil preservation instead of net diversification rates. Thus,
this Hettangian peak could simply be the product of a preservational
bias, possibly linked to the higher number of PBDB collections—used
here as a proxy for fossil localities—in the Sinemurian (Figure 2A),
which could have generated the earlier diversification peak recorded
here. Indeed, when the EFBD model is instead used for estimating net
diversification rates, the Hettangian exhibits near-zero values, equal
or slight lower than those for the Rhaetian (Figure 3). Although using
time bins not strictly comparable to ours, Lloyd et al. (2008) found
much lower diversification rates towards the Early Jurassic than for
most of the Late Triassic, unlike the results presented here (see next
section).

In sum, except for the probably spurious PyRate result for the
Hettangian, all the metrics used here inform that no increase in
richness nor higher diversification rates are seen right after the
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Triassic-Jurassic boundary. These results differ from the general
notion that dinosaurs further radiated following the end-Triassic
extinction of several tetrapod groups (Olsen et al., 1987; Olsen
etal., 2002). Our results may be simply an outcome of employing
an updated dataset, compared to those of about one decade ago,
as to better approach the results of more recent studies (Tennant
et al., 2018). Yet, although analyses focusing on subgroups were
not conducted here, a group-by-group look at Triassic-Jurassic
pan-avian diversity patterns may provide important hints. Firstly,
dinosaurs are the only terrestrial members of the group to enter
the Jurassic, so that analyses focusing on this clade will necessarily
produce relatively higher richness values for that Period, because
they do not account for the Triassic record of other terrestrial
pan-avians. As for the three major dinosaur groups, most prior
studies (Barrett et al., 2009; Irmis, 2011; Upchurch et al.,, 2011;
Starrfelt and Liow, 2016) found that ornithischians clearly
increased richness across the boundary, whereas the contrary
is the case for sauropodomorphs (Apaldetti et al.,, 2021), with
theropods getting intermediate results. Hence, the fact that
sauropodomorphs account for more than half of our sample
across the Triassic-Jurassic boundary (Figure 1A) may explain
why we retrieved lower Hettangian richness values.

Indeed, the end-Triassic extinction of pseudosuchian and
therapsid groups most likely emptied ecospace for dinosaurs
to expand into during the Jurassic. This is shown here by the
major drop in continental PBDB collections with tetrapods,
relative to those with terrestrial pan-avians (Figure 2A);
meaning that the poorer record of Early Jurassic tetrapod-
bearing sites did not affect much the taxic richness of
terrestrial Pan-Aves, because the group became concomitantly
more prevalent. Yet, our study indicates that the Early Jurassic
rise of dinosaurs did not occur quickly and homogeneously for
the entire group. Higher richness/diversification rates appear
later in the Early Jurassic (see below), so that dinosaur
upsurge after the extinction was more gradual than previously
hinted. Nonetheless, theropods and especially ornithischians
appear to have more rapidly expanded into ecospaces
following the mass extinction. This may be because these
groups had more equivalent ecological roles—i.e., small to
medium herbivores and medium to large carnivores—to those
of the extinct forms. Sauropodomorphs, on the other hand, were
already quite dominant by the end of the Triassic, so that the
extinction of other taxa seems to have not driven the group to
major macroevolutionary shifts (Apaldetti et al., 2018; Apaldetti
et al., 2021; Pol et al., 2020).

Early Jurassic Dinosaur Diversity

Although we are confident about the patterns described for the
earliest Early Jurassic, those of later time bins should be taken
with care due to possible “edge effect,” in particular those of the
two Toarcian time bins. Taxic diversity generally tends to reduce
along the Early Jurassic, although the strong drop within the
Pliensbachian may be biased by fewer PBDB collections
(Figure 2A). Minor instances of increase are seen in the first
halves of both Pliensbachian and Toarcian (Figure 2A), whereas
lineage-through-time plots record a rise near the boundary
between the two stages (Figure 1B, Supplementary Figure
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$4), which is however not seen if “ghost lineages” are not
included in the phylogenetic trees (Supplementary Figure S5).
This matches the net diversification values from occurrence data
(Figure 2B), which show overall negative rates along most of the
Early Jurassic, with a small increase early in the Toarcian. The
EFBD results show a similar pattern, with overall sub-zero
diversification rates, but higher near the Pliensbachian-
Toarcian boundary (Figure 3). The strong decreases of
diversification rates estimated from the EFBD model seen in
“Toarcian 2” are possibly an “edge effect” artefact driven from the
difficulty of estimating realistic values of the sampling parameter
(®0) for extinct-only datasets. In general, it seems that the
extension of ghost-lineages of Tr-EJ taxa in the phylogeny-
intermediated analyses pulls the early Toarcian increase in
diversification and richness slightly backwards in time, but this
has to be evaluated with care because of potential “edge effect”
biases.

For both for taxic richness and phylogenetic diversity, Irmis
(2011) found a marked Early Jurassic decrease, with a small rise
either in the Pliensbachian (for phylogenetic diversity when the
rock record is taken into account) or in the Toarcian; what is in
general agreement with the results found here. On the contrary,
other studies found an increase in taxic richness in the
Sinemurian, followed by a general decrease, in cases with a
small Toarcian rise (Butler et al., 2011; Upchurch et al., 2011;
Starrfelt and Liow, 2016; Tennant et al., 2018). Barrett et al. (2009)
found a general Early Jurassic reduction trend in richness for all
the tree major dinosaur groups independently, with a small
Pliensbachian increase of theropod and sauropodomorph
phylogenetic diversity. Instead, Pol et al. (2020) found a
marked decrease in sauropodomorph phylogenetic diversity in
the Pliensbachian, followed by a rise along the Toarcian.
Accordingly, the emerging pattern for both ours and previous
results is that dinosaur richness starts relatively high in the Early
Jurassic, but decreases afterwards, with a small rise around the
Toarcian. That is an interesting scenario, indicating that dinosaur
diversified and already experienced an augmented diversity by the
end of the Early Jurassic, which will characterize younger stages of
the Mesozoic (Wang and Dodson, 2006). Again, this differs from
the results of Lloyd et al. (2008), which found dinosaur
diversification rates to be generally lower towards the end of
the Early Jurassic; although the selection of time bins makes those
studies difficult to compare. Irmis (2011) considered the Early
Jurassic drop in dinosaur diversity to result from sampling biases,
but the decoupling between taxic richness patterns and the
number of PBDB collections found here, except for the
passage between “Pliensbachian 17 and “Pliensbachian 2”
(Figure 2A), indicates otherwise.

Body-Size Changes Along the Early

Evolution of Terrestrial Pan-Aves

The mean body size of terrestrial Pan-Aves shows no abrupt changes
across the Tr-EJ; instead, a steady general increase trend is seen along
that time interval, somewhat stronger in the Triassic than in the
Jurassic (Figure 4A). Slightly more pronounced inflections are seen
in the reduction from “Carnian 1” to “Carnian 2” and the increase
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FIGURE 5 | (A) Phenogram of Triassic to Early Jurassic Pan-Aves (excluding pterosaurs) with body size incorporated (i.e., log-transformed femoral length in
millimeters). Phylogenetic relationships displayed as in our supertree ST 1 (silesaurids external to Dinosauria, theropods forming Saurischia with sauropodomorphs, and
herrerasaurs external to Eusaurischia). (B) Through-time rates of body size evolution (log-transformed relative evolutionary rate scalar) of terrestrial Pan-Aves estimated
using a heterogeneous rates (or variable rates) model in BayesTraits. Light red lines represent values for each of the ten trees from the ST 1 with “ghost lineages.”
Dark red line represents mean rate values (mean scalar) from all ten trees. Dashed red line represents the uncertainty of patterns through the Toarcian from a possible

from “Norian 2” to “Norian 3.” On the contrary, body size
disparity shows a marked increase from “Carnian 1” to “Carnian
2” (Figure 4B), resulting from an increase in maximum size and,
especially, a decrease in minimum size (Figure 4A). Indeed,
relative to the small-to medium-sized Middle Triassic pan-
avians, the Carnian witnessed a major rise in body size
disparity within the group, with the appearance of tiny
forms, like the ca. 10 cm long Kongonaphon kely (Kammerer
et al., 2020), along with the first large-bodied dinosaurs, such as
the up to 6 m long “Frenguellisaurus sanjuanensis” (Novas et al.,
2021). For the rest of the Tr-EJ, body size disparity increases
slightly at “Norian 3” and “Simemurian 1”—mainly due to
increases in maximum size—and decreases near the
Pliensbachian-Toarcian boundary—which is related to a
reduction in minimum size.

When phylogenetic information is considered (i.e., through-time
plots with ancestral body sizes; Supplementary Figure S28), the
extension of ghost lineages significantly increases Middle Triassic size
disparity, so that the “Carnian 2” increase is not so strong. Likewise,
the extension of sauropodomorph, ornithischian, and theropod ghost
lineages—respectively in ST2, ST3, and ST4 (Supplementary Figure
§29)—increases the maximum size in “Carnian 17, so that only for
ST1 mean body size does not reduce along the Carnian
(Supplementary Figure S28). Also, the “Norian 3” increase in
mean size is less marked for ST2 and ST3 (Supplementary
Figure S28), probably because maximum sizes are already higher
in “Norian 2” for those topologies (Supplementary Figure S29). A
small decrease in mean body size is seen across the Triassic-Jurassic
boundary for all topologies, as well as for the results without ancestral
states (Figure 4, Supplementary Figure S28). The “Norian 3” peak in
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body size disparity is generally less marked for all topologies,
compared to when ancestral states are not estimated. On the
other hand, the “Simemurian 1” peak is maintained, but reduced
for ST3 (Supplementary Figure S28), probably because accounting
for silesaurid sizes within the ornithischian lineage results in higher
Hettangian disparity. Finally, the low Pliensbachian disparity seen in
the results without ancestral body sizes is kept across all topologies
when phylogenetic information is accounted for.

Pradelli et al. (2022) found a general reduction in body size of
“non-Dinosauria Pan-Aves” from the Anisian to the Ladinian-
Carnian. Because it excludes dinosaurs, these results are not
strictly comparable to ours. Yet, that shift may be correlated with
the slight reduction in mean body size we found for the whole Pan-
Aves in “Carnian 2,” which is probably driven by the record of
smaller-sized non-dinosaurian members of the group in that time bin
(Figure 5A). Marked increases in both mean and maximum body
size were identified in the Carnian for dinosauromorphs (Irmis, 2011)
and ornithodirans (Turner and Nesbitt, 2013). We did recognize an
equivalent maximum size increase around that time frame, mainly
lead by the appearance of large herrerasaurs (Figures 4A, 5A), but
because there is a concomitant decrease in minimum size, the mean
body size shows no expressive changes. These shifts right follow the
emplacement of the Wrangellia LIP and the correlated CPE, so that
the environmental conditions following that event may have favoured
the establishment of variable body sizes among terrestrial pan-avians.

Ornithodiran/dinosauromorph maximum and mean body
size continue to increase after the Carnian. Yet, whereas
previous estimates show changes to cluster in the first half of
the Norian (Irmis, 2011; Turner and Nesbitt, 2013), we found
stronger increases towards the end of that Stage. Either earlier or
later in the Norian, that fluctuation is most probably driven by an
increase in sauropodomorph body size, as previously recognized
by several authors (Benson et al, 2014; Apaldetti et al., 2018;
Apaldetti et al., 2021; Pol et al., 2020; Pradelli et al., 2022), but
larger theropods also appear at that time (Figure 5A). The much
stronger Late Triassic shifts in body size parameters, found by
some previous studies (Carrano, 2006; Benson et al, 2014),
usually towards higher disparity and larger body sizes, are
likely related to their less comprehensive sampling, restricted
to dinosaurs, and are not strictly comparable to our results for the
entire realm of terrestrial Pan-Aves.

Olsen et al. (2002) proposed that the end-Triassic mass extinction
(ie, CAMP emplacement) led dinosaurs, particularly theropods, to
attain larger sizes early in the Jurassic. This idea has been questioned
by various authors (Irmis, 2011; Griffin, 2019; Griffin and Nesbitt,
2019; Spiekman et al., 2021), who claimed that large theropods were
already present in the Triassic. Yet, because these were likely rare
(Griffin, 2019) and still comparatively smaller than Early Jurassic
taxa, studies keep finding a theropod size increase after the Triassic
(Turner and Nesbitt, 2013); even if not statistically significant (e.g.,
Pradelli et al., 2022). This broadly agrees with our results (Figures 4A,
5A), which show slightly larger theropods early in the Jurassic. In
addition, our results also agree with recent finds that reveal no
sauropodomorph maximum size increase after end-Triassic
extinction (Apaldetti et al., 2018; Apaldetti et al., 2021; Pol et al,
2020; Pradelli et al., 2022). At the same time however, our results did
not reveal any influence of the minimal size increase of
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sauropodomorphs inferred for that boundary (Apaldetti et al,
2021). The lack of meaningful body size changes in terrestrial
Pan-Aves across the Triassic-Jurassic boundary in our analyses
(Figure 4, Supplementary Figure S28) also agrees with the
results of Brusatte et al. (2008), which shows no significant shifts
in pan-avian morphological disparity at the time. Finally, as our
results seem strongly driven by patterns seen in sauropodomorphs,
which form the bulk of the pan-avian records at the Triassic-Jurassic
boundary, they do not strictly refute the idea that theropods increased
their size after the mass extinction.

In agreement with some previous studies (Turner and Nesbitt,
2013; Benson et al., 2014), we recovered a very general trend towards
larger terrestrial Pan-Aves along the Early Jurassic (Figure 4). More
specifically, Irmis (2011) recognised an increase in mean body size
during the Pliensbachian-Toarcian, inferred as mainly driven by a
reduction in minimum size. A Pliensbachian-Toarcian increase in
both mean and minimum body size was also recovered for
sauropodomorphs by Pradelli et al. (2022), corroborating a study
of Pol et al. (2020), which associated a severe minimum size reduction
in those dinosaurs to climatic changes related to the emplacement of
the large Gondwanan igneous provinces of Chon Aike and Karoo-
Ferrar. Similar results were found here (although these results should
be taken with care due to possible “edge effect”), with an increase in
the minimum size and a decrease in size disparity of terrestrial Pan-
Aves at “Pliensbachian 2” and “Toarcian 1” (Figure 4), likely
reflecting sauropodomorph patterns and maybe driven by those
environmental shifts. Meanwhile, a slight general body size
decrease was recognised for tetanuran theropods along the Early
Jurassic (Figure 5A, Supplementary Figure $28), as already inferred
by other studies (Turner and Nesbitt, 2013; Benson et al,, 2014;
Pradelli et al.,, 2022).

Finally, we found relatively low rates of body size evolution for
terrestrial Pan-Aves during the entire Triassic, markedly rising in the
Early Jurassic (Figure 5B; Supplementary Figures $30-31). This is
consistent with the results of Turner and Nesbitt (2013), in which
higher rates are also seen during the Early Jurassic, whereas Benson
et al. (2014) found low rates for the entire time interval sampled here.
Yet, a more detailed reading of our results shows important variations
along the Triassic. Initial high rates are seen in early in the Olenekian,
possibly related to the occupation of ecospace after the Permo-
Triassic extinction, followed by a steady decrease until a second
rise in the Carnian. Rates get low again, but rise in a two-fold scheme
in the early and late Norian, to fall again early in the Rhaetian, only to
start rising towards the higher Jurassic rates late in that Stage. Turner
and Nesbitt (2013) also found relatively higher rates in the Carnian
and late Norian, depending on the employed calibration, somewhat
mirroring the results found here. Further, the higher Carnian rates
match the increases in taxic richness (Figure 2A), net diversification
values from occurrence data (Figure 2B), and body size disparity
(Figure 4B), which might be somehow correlated with the
environmental changes linked to the CPE. The Norian shifts in
body size rates are harder to compare to those of other diversity
metrics, but higher phylogenetic diversity (Figure 1B) and size
disparity (Figure 4B) have been recorded late in that Stage, fitting
the environmental changes discussed by Kent and Clemmensen
(2021). Finally, the general Rhaetian-Jurassic increase in body size
rates broadly matches some other diversity metrics analysed here
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(Figures 1B, 2, 3, 4B), with a Toarcian rise preceded by a
Pliesnbachian drop of possible environmental causes (Pol et al.,
2020). Indeed, if not biased by “edge effect,” the high rates
recorded in the Toarcian may be related to the appearance of the
large-bodied eusauropods, which will dominate younger Jurassic
ecosystems (Pol et al., 2020).

CONCLUSION

- The Early Triassic lacks body-fossil records of Pan-Aves, but
a steady increase in the phylogenetic diversity of the group,
along with high rates of body size evolution in the
Olenekian, was estimated from phylogeny-based analyses
and might fit as part of the biotic recovery from the Permo-
Trassic extinction.

- Controversial records of aphanosaurs and silesaurids lead to
a minor increase in taxic richness of terrestrial Pan-Aves in
the Middle Triassic, along with no major changes in mean
body size and body size disparity. Instead, phylogeny-based
analyses reveal an increasing phylogenetic diversity, with
high net diversification rates (estimated from EFBD), and
decreasing rates of body size evolution.

- The Carnian witnessed major macroevolutionary shifts for
terrestrial Pan-Aves, with significant increases in taxic
richness and body size disparity, and high rates of body size
evolution and net diversification (estimated from occurrence
data). These patterns might have been driven by the
environmental changes related to the CPE. On the other
hand, both phylogenetic diversity and net diversification
rates (estimated from EFBD) decreases along the Stage.

- Terrestrial Pan-Aves taxic richness remains stable along the
Norian, slightly increasing in the Rhaetian. Instead,
phylogenetic diversity steadily rises during the former
Stage, reducing/stabilizing in the latter. Net diversification
rates are higher in the Norian when estimated from EFBD,
the opposite happening if based on occurrence data. Mean
size and body size disparity steadily increase along the
Norian-Rhaetian, but an indicial drop in body size
evolutionary rates was estimated for the latter Stage.

- The Triassic-Jurassic boundary is not marked by any major
macroevolutionary shift, with trends seen in the Rhaetian
generally kept during the earliest Jurassic. The only
exception is the high net diversification rates (estimated
from occurrence data) in the Hettangian, which might be the
by-product of preservational biases. Hence, although the
end-Triassic mass extinction surely affected pan-avian
evolution, its outcomes result more diffuse and not
promptly seen across the boundary.

- Dinosaurs are the only terrestrial Pan-Aves recorded in the
Early Jurassic, which starts with a sustained reduction in
diversity, overall near-to- or sub-zero diversification rates,
and stable body size disparity and mean size values. Further
drops in taxic richness, net diversification rates, and body size
disparity, as well as low rates of body size evolution, are seen
near the Pliensbachian. This may be related to climatic changes
akin to igneous activities in Gondwanan areas, whereas more
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recent patterns recorded here should be interpreted with
caution, as possibly biased by an “edge effect.”

- Few major macroevolutionary shifts were consistently
identified across all analysed parameters or methods
employed, suggesting that the early diversification of
terrestrial pan-avians during the Triassic and Early
Jurassic was more nuanced and complex than anticipated.
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