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Adaptive radiations have played a major role in generating modern and deep-time
biodiversity. The Triassic radiation of the Archosauromorpha was one of the most
spectacular vertebrate radiations, giving rise to many highly ecomorphologically varied
lineages—including the dinosaurs, pterosaurs, and stem-crocodylians—that dominated
the larger-bodied land fauna for the following 150 Ma, and ultimately gave rise to today’s >
10,000 species of birds and crocodylians. This radiation provides an outstanding testbed
for hypotheses relating to adaptive radiations more broadly. Recent studies have started to
characterize the tempo and mode of the archosauromorph early adaptive radiation,
indicating very high initial rates of evolution, non-competitive niche-filing processes,
and previously unrecognized morphological disparity even among non-crown taxa.
However, these analyses rested primarily either on discrete characters or on geometric
morphometrics of the cranium only, or even failed to fully include phylogenetic information.
Here we expand previous 2D geometric morphometric cranial datasets to include new
taxa and reconstructions, and create an analogous dataset of the pelvis, thereby allowing
comparison of anatomical regions and the transition from “sprawling” to “upright” posture
to be examined. We estimated morphological disparity and evolutionary rates through
time. All sampled clades showed a delayed disparity peak for sum of variances and
average nearest neighbor distances in both the cranium and pelvis, with disparity likely not
saturated by the end of the studied time span (Late Jurassic); this contrasts with smaller
radiations, but lends weight to similar results for large, ecomorphologically-varied groups.
We find lower variations in pelvic than cranial disparity among Triassic-Jurassic
archosaurs, which may be related to greater morphofunctional constraints on the
pelvis. Contrasting with some previous work, but also confirming some previous
findings during adaptive radiations, we find relatively widespread evidence of
correlation between sampled diversity and disparity, especially at the largest
phylogenetic scales and using average displacement rather than sum of variances as
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disparity metric; this also demonstrates the importance of comparing disparity metrics,
and the importance of phylogenetic scale. Stem and crown archosauromorphs show a
morphological diversification of both the cranium and pelvis with higher initial rates
(Permian-Middle Triassic and at the base of major clades) followed by lower rates
once diversification into niches has occurred (Late Triassic—Jurassic), indicating an

“early burst”

pattern sensu

lato. Our results provide a more detailled and

comprehensive picture of the early archosauromorph radiation and have significant
bearing on the understanding of deep-time adaptive radiations more broadly,
indicating widespread patterns of delayed disparity peaks, initial correlation of diversity
and disparity, and evolutionary early bursts.

Keywords: Archosauromorpha, Archosauria, geometric morphometrics, disparity, evolutionary rates, early

Mesozoic, adaptive radiation

INTRODUCTION

Evolutionary radiations—instances of unusually rapid
phylogenetic diversification, often triggered by colonization of
new habitats, extinction events freeing niche space, or key
innovations (Simoes et al., 2016)—have been central in the
generation of modern and deep-time biodiversity, and have
long been a major focus of evolutionary research. These
events are often associated with exceptional levels of
morphological diversification into new habitats and ecological
niches, and are termed adaptive radiations (Schluter, 2000;
Wesley-Hunt, 2005). At geological scales, adaptive radiations
have given rise to many of the most spectacular and successful
groups of animals and plants on Earth, including the flowering
plants (Heimhofer et al., 2005), beetles (Bernhardt, 2000), birds
(Cooney et al,, 2017), and placental mammals (Madsen et al.,
2001). At smaller temporal scales (sometimes considered
adaptive radiations sensu stricto—Schluter 2000), they have
given rise to groups of highly varied but closely related taxa
exquisitely adapted to particular niches (Pinto et al, 2008;
Abzhanov 2010), with the adaptive radiation of Geospiza
finches having famously aided Darwin in formulating the
theory of evolution by natural selection (Abzhanov 2010).
Studying the dynamics of these events allows us to better
understand the process of evolution and the generation of
biodiversity itself, addressing questions such as how long after
an adaptive radiation morphological diversity (i.e., disparity)
tends to become saturated (Hughes et al, 2013), the
correlation of morphological disparity with taxic diversity
(Ruta et al., 2013; Puttick et al., 2020), whether elevated rates
of evolution occur and how long they last (Puttick, 2018;
Hernandez-Hernandez, 2019), the relative importance of
competitive- and non-competitive processes in diversification
(Brusatte et al., 2008a; Benson et al., 2014), and the underlying
reasons for the success and radiation of particular lineages
(Seehausen, 2006; Jonsson et al., 2012).

The initial radiation of Archosauria and their stem lineage
represents one of the most important geologic-scale vertebrate
adaptive radiations in Earth history (Ezcurra and Butler, 2018;
Ezcurra et al.,, 2021a), and provides an outstanding testbed for
answering major questions relating to adaptive radiation more

broadly. Archosaurs originated approximately 248 Ma ago (late
Olenekian; Butler et al., 2011), with the clade thus having a very
long evolutionary history and persisting until today as an
extraordinarily successful group represented by birds and
crocodylians. Extant archosaurs are represented by c. 10,000
species of birds (Jetz et al., 2012), varying in their morphology
from the ~3 m tall (140 kg) flightless ostrich Struthio camelus to
the tiny (2 g) nectarivore, hovering, bee hummingbird Mellisuga
helenae (Bird Life International, 2020). By contrast, although
crocodylians are far less speciose (c. 24 species) and
morphologically disparate than birds, they are geographically
widespread and inhabit both freshwater and marine
environments of equatorial and subtropical latitudes (Grenard,
1991). Archosaurs and their closest relatives have been the most
diverse and abundant medium to large-sized vertebrate
components of terrestrial assemblages for more than 150 Ma
during most of the Mesozoic, and occupied most of the ecological
niches exploited by mammals in Cenozoic ecosystems (Brusatte
et al., 2008a; Sookias et al., 2012; Benton et al., 2014). Both bird-
(Avemetatarsalia = Pan-Aves) and crocodile-line (Pseudosuchia)
archosaurs were extraordinarily morphologically diverse during
the Mesozoic; avemetatarsalians ranged from the tiny fish-eating
first pterosaurs (Bestwick et al., 2018) to the largest land animals
in Earth history—the sauropod dinosaurs (Sander et al., 2011)—,
while pseudosuchians included herbivorous (e.g. Wu et al., 1995;
Kley et al.,, 2010; Desojo et al., 2013), hypercarnivorous species
(e.g. Nesbitt et al., 2013), and continental, freshwater and marine
forms (e.g. Li et al., 2006; Osi et al., 2018; Butler et al., 2019a).
Given their key importance in both modern and ancient
ecosystems, and immense ecomorphological  variety,
understanding the origin and evolutionary radiation of
Archosauria is of major scientific interest.

Archosauromorpha (= archosaurs and their stem lineage)
diversified following the end-Permian mass extinction
(Ezcurra, 2016; Ezcurra and Butler, 2018; Ezcurra et al,
2021b), the most severe biotic crisis documented in the history
of life (Raup and Sepkoski, 1982; Benton, 2003). As a result of this
extinction, the previously diverse non-mammalian synapsids
crashed in abundance and morphological diversity, freeing
ecospace into which archosauromorphs radiated (Sookias
et al, 2012). This first evolutionary radiation of
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archosauromorphs included many stem-archosaurs with an
extremely diverse ecology and morphology (Ezcurra et al,
2021a), including specialized herbivores (Nesbitt et al.,, 2015;
Ezcurra et al, 2016), hypercarnivores (Gower, 2003; Butler
et al, 2019b), ground-dwelling smaller predators (Sookias
et al., 2020), marine (Jaquier et al, 2017; Spiekman and
Scheyer, 2019), and probably even gliding species (Sharov,
1971; Dzik and Sulej, 2016). They formed important
components of Triassic ecosystems (Foth et al, 2016a), but
have tended to be overlooked due to a focus on the origins
and radiation of crown archosaur groups (e.g. dinosaurs,
pterosaurs and pseudosuchians) (Ezcurra et al., 2021b).

Recently, the importance of stem-archosaurs has begun to be
understood. Non-crown taxa have been found to be unexpectedly
morphologically diverse, with skeletal (based on discrete
characters) and lineage diversification being especially high
immediately following the end-Permian mass extinction event
(Ezcurra and Butler 2018; Ezcurra et al., 2021a), and cranial
disparity (based on 2D geometric morphometric data) at least as
high if not higher than contemporaneous crown archosaurs (Foth
et al, 2016a). Indeed, the extinction of many of these non-crown
taxa between the Middle and Late Triassic may have allowed, at
least in part, crown archosaurs—including early dinosaurs—to
diversify as spectacularly as they did (Foth et al., 2016a).

These recent findings rest, however, primarily on analyses of
discrete character changes or cranial shape only (Foth et al,
2016a; Ezcurra and Butler, 2018; Ezcurra et al., 2021a). Discrete
characters are widely used in disparity analyses to study complete
body plans, but they are not as powerful as geometric
morphometric methods to capture anatomical variation
(Anderson and Friedman, 2012). The analysis of cranial shape
has been conducted using geometric morphometrics and
certainly corresponds to some extent to ecomorphological
diversity (Verde Arregoitia et al, 2017; Michaud et al., 2018),
but it is by no means a comprehensive proxy for
ecomorphological evolution (Michaud et al, 2018; Navalon
et al.,, 2018). Locomotor morphology also undoubtedly played
a role in dictating ecological niche (Higham and Russell, 2010;
Jorgensen and Reilly, 2013). Furthermore, locomotor
morphology continues to be the subject of much discussion in
the context of Triassic archosauromorph evolution in particular,
because one of the apparent key transitions witnessed in this
lineage is that from a sprawling gait, similar to that of many
extant lizards, to an upright locomotor mode typical of most
dinosaurs (including birds) and some crocodile-line taxa
(Hutchinson, 2001; Hutchinson, 2006).

Previous geometric morphometric-based disparity analyses
have also failed to take phylogenetic knowledge fully into
account, which can have a major impact on our
understanding of evolutionary patterns (Cavin and Forey,
2007). Although some former work did include hypothetical
ancestral taxa (Brusatte et al.,, 2011; Foth et al,, 2016a), it did
not account for the so called ghost and Lazarus lineages (lineages
not recorded but inferred to be present due to the presence of
their sister taxa in a time interval and of the lineage itself in a later
time interval, and lineages inferred to be present due to their
presence either side of an interval but not recorded in that
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interval, respectively), which—given the relatively low overall
taxon sampling during the early archosaur radiation—is likely to
have a major impact on the results. Furthermore, previous
geometric morphometric-based studies did not examine rates
of evolutionary change, rather taking only a bin-based time series
approach. Elevated rates of evolution and subsequent slowdown
as niche space is filled have been considered to be central to
adaptive radiations (Close et al., 2015; Clarke et al., 2017) and
were previously found for archosauromorphs on the basis of
discrete characters (Ezcurra and Butler, 2018; Ezcurra et al.,
2021a). Thus, examining whether similar patterns are found in
the archosauromorph radiation using geometric morphometric
data promises to broaden our understanding of both this
radiation and evolutionary processes.

Here, we aim to improve our understanding of late Permian to
Late Jurassic archosauromorph morphological evolution by
incorporating new cranial reconstructions additional to those
used in previous studies (Foth et al, 2016a), expanding the
analysis to the locomotor region (pelvic shape), and fully
incorporating phylogenetic knowledge (ghost and Lazarus
lineages). We compare cranial and pelvic disparity against one
another and between groups and time intervals, focusing on the
comparison between stem- and crown-archosaurs. We also
examine the interaction of diversity and disparity.
Furthermore, we directly test rates of evolution with a recently
developed multivariate approach, using both cranial and pelvic
landmark datasets, to examine whether rates were especially
elevated around the base of the archosauromorph radiation
and/or in certain, more deeply nested groups, and whether
rates were higher in crown than in stem-archosaurs or vice
versa. Overall, we aim to provide a more detailed and
comprehensive picture of the early adaptive radiation of stem
and crown archosaurs that may help to elucidate the reasons for
their success, and shed light on the process of adaptive radiation
over geological timescales more broadly.

MATERIALS AND METHODS

Taxon Sampling and Geometric

Morphometrics

We updated the dataset of two-dimensional landmarked images
of archosauromorph crania (excluding the mandible) used by
Foth et al. (2016a). Fifteen new archosauromorph species were
added, the non-saurian diapsid Youngina capensis was included
as the outgroup taxon, and two reconstructions were replaced
with updated versions (Euparkeria capensis and Rhynchosaurus
articeps). We sampled only non-monofenestratan pterosaurs,
because our landmark scheme is not applicable to the merged
external naris and antorbital fenestra of monofenestratan taxa.
The updated cranial dataset includes 108 archosauromorph
species, spanning from the late Permian to the Late Jurassic.
In addition, we built a second dataset to explore shape variation of
archosauromorph hemipelves. This dataset contains 73
archosauromorph species and Youngina capensis as the
outgroup taxon. All landmarked images were based on
published illustrations or reconstructions of adult (or advanced
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FIGURE 1 | Images showing the landmark scheme used to assess 2D
cranial and pelvic shape. (A) 15 landmarks and 38 semilandmarks plotted on
the cranium of Adeopapposaurus in lateral view (modified from Martinez,
2009). (B) 10 landmarks and 110 semilandmarks plotted on the pelvic
girdle of Eoraptor in lateral view (modified from Sereno et al., 2013).
Landmarks are indicated by large red points and semilandmarks by small
white points. A full description of landmark positions is given in the
Supplementary File S1-Tables S2, S3.

subadult) individuals in lateral view (see Supplementary File S1-
Table S1). All samples were carefully evaluated in terms of
completeness and degree of taphonomic damage and
deformation of the original fossil material (based on
photographs or first-hand observations) in order to minimize
the impact of these factors on shape analyses (Foth and Rauhut,
2013). Reconstructions relying on very incomplete or strongly
deformed material were excluded.

We used two-dimensional geometric morphometrics to
investigate variation in cranial and pelvic morphology. Cranial
shape in lateral view was captured with 15 landmarks and 38
semilandmarks (see Foth et al., 2016a), while pelvic shape in
lateral view was described by 10 landmarks and 110
semilandmarks (Figure 1; Supplementary File S1-Tables S2,
§3). The landmarks used in this study were classified as either
type 1 (defined along the articulation between two elements) or
type 2 (points of maximum curvature and extremities)

Archosauromorph Disparity and Evolutionary Radiation

(Bookstein, 1991). Cranial openings and overall outline shape
of crania and pelves were captured by semilandmarks, which were
plotted at equidistant intervals along the curves of the structures
they were defining (Bookstein, 1991; Bookstein et al., 1999). All
landmarks and semilandmarks were plotted with the software
tpsDig2 (Rohlf, 2005). The primary data were loaded into
Morpho] (Klingenberg, 2011) and superimposed using
Generalized Procrustes Analysis (GPA) (Rohlf and Slice,
1990), which reduces variation between specimens caused by
scale, translation (i.e. position) and rotation, leaving only shape
(Supplementary  Files S2, §3). Although
semilandmarks contain less shape information due to their
dependence on the position of other landmarks (Bookstein,
1997; Gunz et al, 2004; Zelditch et al, 2012), we treated
landmarks and semilandmarks as equivalent for GPA
(Zelditch et al., 2012) because in some aberrant species the
sliding process can create considerable artificial deformation of
the Procrustes shape (i.e. the shape after GPA; Foth et al., 2016b).
The Procrustes coordinates were then converted into a covariance
matrix and subjected to a reduction of dimensionality via a
Principal Components Analysis (PCA), also in Morpho]
(Supplementary Files S2, S3). This method transforms the
variation among individuals into new sets of independent
variables (principal components) that are linear combinations,
with zero covariance, of the original set. The resulting principal
components (PCs) describe successively smaller amounts of total
variation so that a large proportion of variation can be described
by a small number of variables (Hammer and Harper, 2006;
Zelditch et al, 2012). Thus, they define a morphospace that
depicts the overall spread of variation among taxa in a
relatively low number of dimensions, and can be used as
proxies in macroevolutionary analyses to quantify major
trends in shape evolution.

variation

Disparity Analyses, Phylogeny, and Time
Calibration

In the study of Foth et al. (2016a), PC scores of hypothetical
ancestors were added to increase the sampling of the disparity
analysis, partially filling gaps in the fossil record where
archosauromorphs are poorly sampled but must have been
more diverse based on phylogenetic ghost lineages (Brusatte
et al., 2011). Wilberg (2017) presented an updated method
based on the work of Friedman (2009) that fully embraces
phylogenetic data by interpolating traits between nodes along
the branches of the tree. This protocol is more efficient in
minimizing the effects of artefacts related to sampling gaps in
the fossil record (Foth et al., 2017) and it is employed here (see
below).

We assembled an updated version of the informal supertree of
Foth et al. (2016a) with a total of 206 species based on current
phylogenetic hypotheses for archosauromorph clades, including
all taxa from the cranial and pelvic datasets as well as 49
additional taxa for time calibration, which were later pruned
(Supplementary File S1-Table S1; Supplementary File $4). The
supertree was time-calibrated using the bin_timePaleoPhy
function of the package paleotree v.2.7 (Bapst, 2012) in R
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v.3.51 (R Development Core Team, 2011), based on
chronostratigraphic ranges (biochron or temporal uncertainty)
of terminal taxa taken from the Paleobiology Database (www.
paleobiodb.org) and recent literature (Supplementary File S1-
Table S1). In order to take into account uncertainties introduced
by inaccuracies associated with the age of fossils, we produced a
set of 1,000 trees in which the polytomies of the supertree were
resolved randomly prior to time-scaling, and the ages of the fossil
observations were drawn randomly from a uniform distribution
spanning the duration of the stratigraphic unit in which the fossils
were found. All nodes were scaled by evenly distributing the
available time between branches (the “equal” time-scaling
method implemented in bin_timePaleoPhy, with the “vartime”
parameter set to 1 million years) (Brusatte et al., 2008b). The
recovered average of the root times is of 255.9 Ma.

In order to analyse disparity through time, taxa were binned
into approximately equal time intervals spanning the late
Permian to Tithonian (Late Jurassic). Taxa from the
Wouchiapingian and Changhsingian (late Permian), Induan
and Olenekian (Early Triassic), Aalenian and Bajocian (Middle
Jurassic I), and Bathonian and Callovian (Middle Jurassic IT) were
combined into single bins, whereas the Norian was split in half
into early and late Norian bins with their boundary at 217.8 Ma.

In the case of the cranium, the first seven PCs, which contain
the most relevant shape information, were used for the disparity
analyses, which were selected on the basis of the broken-stick
method (de Vita, 1979; Jackson, 1993) performed in PAST 3.05
(Hammer et al., 2001). For pelvic disparity, four PCs were taken
into account after following the latter method. The PC values
were mapped onto the set of time-calibrated supertrees using the
anc.recon function of the R package Rphylopars v.0.2.9 (Goolsby
et al, 2017), which computes maximum-likelihood (ML)
estimates of nodal trait values assuming a Brownian motion
model with a constant rate of diffusion. Because of the
generally poor fossil record of pseudosuchians in the Jurassic
(Bronzati et al., 2015), we added 14 additional pseudosuchian
species from younger time intervals (Early Cretaceous-Late
Cretaceous) to the supertree and morphometric dataset,
allowing reconstruction of more reliable ancestral shapes for
those branches with a Jurassic origin (see Foth et al., 2016a).

Using a linear interpolation on the time-scaled tree branches
[“gradual model” of Friedman (2009)], the PC values observed
and reconstructed at the nodes of the trees were then used to
compute the PCs along the branches of the trees, in particular at
the midpoint of each time bin crossed by a particular branch
(Friedman, 2009; Foth et al., 2017; Wilberg, 2017). Because the
phylogeny is characterized by many long ghost lineages, the
‘punctuated model was not applied, as it would imply
unrealistic conservation of morphologies during very long time
periods for the archosauromorph cranial and hip evolution.

Temporal disparity patterns were estimated for all
archosauromorphs,  non-archosaurian  archosauromorphs,
crown archosaurs, and various archosaurian subclades,
including  pseudosuchians, avemetatarsalians, pterosaurs,
dinosaurs, ornithischians, sauropodomorphs, and theropods.
In addition, disparity was also explored for all
archosauromorphs using the residuals of the regression

Archosauromorph Disparity and Evolutionary Radiation

between eigenvalues and log-transformed centroid size to test
the impact of removing allometric variation. A comprehensive
assessment of a trait-space should include descriptions of its
volume, density, and position, which are mathematically sampled
by different space occupancy metrics (Guillerme et al.,, 2020).
Therefore, we chose three different types of disparity metrics: 1)
as volume metric we chose sum of variances, which measures the
amount of the trait-space that is occupied by observations and is
more robust to sample size than other metrics (e.g. sum of ranges;
Wills, 2001; Guillerme et al., 2020); 2) average nearest neighbour
distance was chosen as density metric, which measures the
distribution of pairs of observations within a group in the
trait-space (Foote, 1991; Guillerme et al., 2020); and 3) average
displacements was chosen as a position metric that measures the
ratio between the observations’ position (=average position of all
samples per bin) relative to the centroid of the total trait space of
each (sub-)clade investigated (the absence of displacement is
represented by a value of 1, or 0 if the metric is log-
transformed; Guillerme et al.,, 2020). For each group, all three
disparity metrics were calculated using the branch interpolation
PC values at the midpoint of the temporal duration of each bin.
This was done using functions of the R package dispRity v.1.4.1
(Guillerme, 2018). Using the results recovered from the 1,000
randomly resolved trees, we estimated the minimum, maximum
and median curves of each metric, allowing assessment of the
overall temporal patterns and their sensitivity to differences in
topology and time-calibrations. Finally, we constructed
confidence intervals using the 2.5 and 97.5% quantiles of each bin.

To test how the trends of disparity are driven by sample size,
we compared the cranial and pelvic median disparity curves (for
each clade and each disparity metric) against the number of
observations per bin (hereafter sampled diversity) and the
medians of the cranial and pelvic averaged rates through time
using a generalized least-squares regression (GLS) with a first
order autoregressive model (corARMA) using the function gls of
the R package nlme v.3.1-137 (Pinheiro et al, 2018). Average
displacements were log-transformed before the regressions
because of high differences between the maximum and
minimum values. We calculated likelihood-ratio based pseudo-
R® values using the function r.squaredLR of the R package
MuMIn v.1.40.4 (Barton, 2018). Finally, we tested if the
cranial and pelvic disparities (of each clade and each metric)
converge on a common signal through time using the same
methods.

Evolutionary Rates

Evolutionary rate analyses were conducted with the R package
RRphylo v.2.0.6 (Castiglione et al., 2018). This uses the model free
approach phylogenetic ridge regression to calculate rates of
evolution in quantitative traits on phylogenies and
automatically pinpoint evolutionary rate shifts, being
applicable to multivariate datasets and non-ultrameric trees
(Castiglione et al., 2018). The principal component axes
accounting for c. 80% of the variance (first seven for cranium,
four for pelvis, see above) were used as traits. Shift points and tip
rates were identified using the search.shift function (with
auto.recognise on). Trends and rates through time were
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Permian stem-Archosauria
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FIGURE 2 | Two-dimensional morphospace (A) and major shape
variation (B) of the archosauromorph cranium captured by 2D geometric
morphometrics based on the first two principal components. The
morphospaces (convex hulls) of stem-archosaurs, pseudosuchians and
avemetatarsalians during different time periods are differently colored. White
points with dashed outline represent Cretaceous taxa that have been used to
estimate hypothetical ancestral shapes for the Late Jurassic. Blue wireframes
show major shape variation of the principal components compared to the
consensus shape shown in cyan.

identified with the search.trend function (Castiglione et al,
2019). Analyses of the taxon sample as a whole were carried
out in each of the 1,000 randomly resolved and time-calibrated
(using range) trees for both cranial and pelvic datasets.
These analyses were also conducted using residuals of the
regression between eigenvalues and log-transformed centroid
size to test the effect of removing allometric variation.
Furthermore, analyses comparing clades bracketed by specific
nodes to the rest of the tree were also conducted using
the search.trend function. Each clade was compared to all
other taxa in terms of estimated marginal means (EMM, i.e.
the relative rate) and also the slope of change in rate through
time. This was undertaken for the major clades Archosauria,
Pseudosuchia, Dinosauria, Pterosauria, and the dinosaur
groups Sauropodomorpha, Theropoda and Ornithischia.
Rates through time were also examined as time series by
binning rates on branches using the same time bins as used
for the raw disparity data. Rates for branches were obtained
from trend objects output by RRphylo, and were placed in
all bins which the branch overlapped. End points for
branches were taken from the trend object while start

Archosauromorph Disparity and Evolutionary Radiation

points for branches were obtained using a custom function
(“timeTREE”  courtesy of Pasquale Raia—given in
Supplementary File S5). The median rate was taken from
the sample of rates across all trees and tested for correlation
with time and between the skull and pelvis using generalized
least squares regression in R, both with and without a
first order autoregressive model. Regression without
autocorrelation provides a rough test of a pattern of change
in the data, but an autoregressive model provides a more
robust test of a consistent trend throughout the series
because successive time bins tend to show correlation with
one another. Furthermore, a generalized random walk model
with trend and an unbiased random walk model were fitted to
the mean (and sample size, and variance) using the package
paleoTS (Hunt, 2006) and their relative fits compared
using AICc.
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FIGURE 3 | Two—dimensional morphospace (A) and major shape
variation (B) of the archosauromorph cranium captured by 2D geometric
morphometrics based on the third and fourth principal component. The
morphospaces (convex hulls) of stem-archosaurs, pseudosuchians and
avemetatarsalians during different time periods are differently colored. White
points with dashed outline represent Cretaceous taxa that have been used to
estimate hypothetical ancestral shapes for the Late Jurassic. Blue wireframes
show major shape variation of the principal components compared to the

consensus shape shown in cyan.
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FIGURE 4 | Two-dimensional morphospace (A) and major shape
variation (B) of the archosauromorph pelvis based on the first two principal
components. The morphospaces (convex hulls) of stem-archosaurs,
pseudosuchians and avemetatarsalians during different time periods are
differently colored. Blue wireframes show major shape variation of the principal
components compared to the consensus shape shown in cyan.

RESULTS

Cranial Morphospace

The first seven PCs contain significant shape variation based on
the broken-stick method and account together for 80.1% of the
total variation (PC1: 33.9%; PC2: 15.0%; PC3: 9.9%; PC4: 9.2%;
PC5: 5.0%; PC6: 4.0%; PC7: 3.1%).

Negative values of PC1 describe dorsoventrally deep crania
with a short rostrum, large subcircular orbit, deep suborbital jugal
region, and anteroposteriorly long temporal region. Positive
values of PC1 describe dorsoventrally flattened crania with a
long rostrum due to an anteroposteriorly elongated premaxilla,
relatively small subcircular orbit, low suborbital jugal region, and
short temporal region. Negative values of PC2 describe
dorsoventrally flattened crania with a long rostrum (including
the antorbital fenestra) due to an anteroposteriorly elongated
maxilla, a dorsally concave nasal region, large and subcircular
orbit, a very low suborbital jugal region, and a ventrally located
jaw joint. Positive values of PC2 describe dorsoventrally deep
crania, with a short and dorsally convex rostrum (including a
short and dorsoventrally deep antorbital fenestra), large and

Archosauromorph Disparity and Evolutionary Radiation

suboval orbit, a deep suborbital jugal region, and a ventrally
located jaw joint (Figure 2). Negative values of PC3 describe
crania with an anteroposteriorly long premaxilla and short
maxilla, which are angled to each other along the ventral
margin, small antorbital fenestra, flattened postrostral skull
roof, small and subcircular orbit, deep suborbital jugal region,
large lateral temporal fenestra, and a ventrally located jaw joint.
Positive values of PC3 describe crania with an anteroposteriorly
short premaxilla and long maxilla, large antorbital fenestra, high
postrostral skull roof, large and suboval orbit, low suborbital jugal
region, short infratemporal fenestra, and ventrally located jaw
joint. Negative values of PC4 describe crania with a tapering
snout as a result of an anteroposteriorly long premaxilla and short
maxilla, small antorbital fenestra, anterodorsally inclined
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FIGURE 5 | Two—dimensional morphospace (A) and major shape
variation (B) of the archosauromorph pelvis captured by 2D geometric
morphometrics based on the third and fourth principal component. The
morphospaces (convex hulls) of stem-archosaurs, pseudosuchians and
avemetatarsalians during different time periods are differently colored. Blue
wireframes show major shape variation of the principal components
compared to the consensus shape shown in cyan.
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suborbital jugal region, anteroposterioly long temporal region,
and ventrally located jaw joint. Positive values of PC4 describe
crania with blunt snouts with an anteroposteriorly short
premaxilla and long maxilla, large antorbital fenestra, suboval
orbit, anteroventrally inclined suborbital region, and ventrally
located jaw joint (Figure 3).

Stem-archosaurs, avemetatarsalians, and pseudosuchians
strongly overlap with each other in the morphospace
generated by the first four PCs, with the former showing a
stronger overlap with avemetatarsalians on PC2 (Figure 2)
and with pseudosuchians on PC3 (Figure 3).

Pelvic Morphospace

The first four PCs contain significant shape variation and account
together for 83.5% of the total variation (PC1: 51.0%; PC2: 17.6%;
PC3: 10.0%; PC4: 4.8%).

Negative values of PCl describe pelves with an
anteroventrally-to-posterodorsally inclined ilium that has a
short preacetabular process and a long pubic peduncle; the
pubis is elongated and anteroventrally directed (propubic) and
the puboischiadic plate is dorsoventrally short; and the ischium is
posteriorly directed. Positive values of PC1 describe pelves with
an anteroventrally-to-posterodorsally inclined ilium that has a
long preacetabular process, and a short pubic peduncle; the pubis
is short and posteroventrally directed (opisthopubic) and has a
prominent puboischiadic plate; and the ischium is
posteroventrally directed. Negative values of PC2 describe
pelves with an anteroposteriorly short ilium that has a short,
blunt preacetabular process and anteroventrally directed pubic
peduncle; the pubis is long, slender, and ventrally directed
(isopubic), with a very short puboischiadic plate; and the
ischium is long and slender. Positive values of PC2 describe
pelves with an anteroposteriorly long ilium that has a long,
tapering preacetabular process and ventrally directed pubic
peduncle; the pubis is short and anteroventrally directed, with
a long puboischiadic plate; and the ischium is short and broad,
and posteriorly directed (Figure 4). Negative values of PC3
describe pelves with an anteroposteriorly short ilium that is
anteroventrally-to-posterodorsally  inclined, with a long,
anteroventrally directed pubic peduncle, and where the
acetabulum is relatively large; the pubis is short and
posteroventrally directed (opisthopubic); and the ischium is
short and broad. Positive values of PC3 describe pelves with
an anteroposteriorly orientated ilium, with a dorsoventrally low
blade, long preacetabular process, short pubic peduncle, and
small acetabulum, a pubis with an anteroventrally directed
(propubic), long and slender shaft and with expanded distal
end, and a slender ischium. Negative values of PC4 describe
pelves with an ilium with a short, tapering preacetabular process,
long and slender postacetabular process, concave dorsal
margin of the iliac blade, and short pubic peduncle; the pubis
is long and ventrally directed (isopubic) and possesses a long
puboischiadic plate; the ischium is short, broad, and posteriorly
directed. Positive values of PC4 describe pelves with an ilium with
a long, blunt preacetabular process, short, blunt postacetabular
process, convex dorsal margin of iliac blade, and long pubic
peduncle; the pubis is short and anteroventrally directed
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(propubic), and possesses a very short puboischiadic plate; the
ischium is long, slender, and posteroventrally directed (Figure 5).

As is the «case for the cranium, stem-archosaurs,
pseudosuchians, and avemetatarsalians overlap with each
other in the pelvic morphospace generated by the four
PCs, but the avemetatarsalian subclades Pterosauria and
Ornithischia occupy more distant regions of the morphospace
(Figures 4,5).

Major Patterns in Cranial Disparity

The general description of cranial disparity is based on sum of
variances. The average nearest neighbor distance shows similar
temporal trends and, as a result, we only report differences
between these two metrics. The results for average
displacements are described separately at the end of the
section (Figures 6-9; Supplementary File S1-Tables S4-S6).

The cranial sum of variances of all archosauromorphs
(including stem and crown archosaurs) increases from the late
Permian to its maximum in the late Norian, only interrupted by a
small reduction in the early Norian. After its peak, sum of
variances decreases until the Hettangian and stays
approximately constant until the Middle Jurassic. A minor
increase occurs in the Late Jurassic, but without reaching the
levels of the late Norian. Average nearest neighbor distance has a
general increase from the late Permian to late Norian, but it is
interrupted by a plateau during the late Middle Triassic to early
Norian. Average nearest neighbor distance follows a similar
pattern to sum of variances during the Jurassic (Figure 6A).
For stem-archosaurs (i.e. non-archosaurian archosauromorphs),
sum of variances increases from the late Permian to the early
Norian, before it declines slightly in the late Norian (the last
datapoint); this final decline is not present for the average nearest
neighbor distance (Figure 6B).

In contrast, the sum of variances of crown archosaurs
resembles  major temporal trends found for all
archosauromorphs, showing an initial increase from the late
Permian to the late Norian (although with no decrease in the
early Norian), followed by a decline in the Rhaetian. During the
Early and Middle Jurassic, sum of variances shows a slight
continuous increase, but it increases more conspicuously
during the Late Jurassic and at that point it exceeds the late
Norian local peak. The average nearest neighbor distance shows a
minor interruption of this overall trend of increase during the
early Norian, the increase peaks around the Triassic-Jurassic
boundary, and declines in the Pliensbachian, subsequently
increasing again during the Late Jurassic to similar values to
those around the Triassic-Jurassic boundary (Figure 6C).

Within crown archosaurs, the sum of variances for
pseudosuchian crania increases from the Early Triassic,
reaching its peak in the late Norian, and stagnates until the
end of the Triassic. After the Triassic-Jurassic mass extinction, the
sum of variances decreases markedly, with minimum values from
the Sinemurian to the Pliensbachian. Subsequently, disparity
increases constantly until the Late Jurassic, but without
reaching the late Norian values. The average nearest neighbor
distance stagnates from the Carnian to the early Norian, and
peaks in the Rhaetian. Across the Triassic-Jurassic boundary, this
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FIGURE 6 | Temporal disparity of archosauromorph cranium and pelvis captured by 2D geometric morphometrics from the late Permian to the Late Jurassic, as
measured from phylogenetically interpolated values (“gradualistic” model), with disparity quantified as the sum of variances, average nearest neighbor distance and
average displacements (log-transformed) based on shape variables of the principal component analysis. (A) Cranial and pelvic disparity of all archosauromorphs. (B)
Cranial and pelvic disparity of non-archosaurian archosauromorphs (stem-archosaurs). (C) Cranial and pelvic disparity of crown-archosaurs. The yellow (cranium)

and cyan (pelvis) solid lines show the median of estimated disparity for each bin, with the orange bands showing the total range of disparity estimated from 1,000 time-
calibrated trees and the blue band showing the range delimited by the 2.5 and 97.5% quantiles of the same. Prolacerta skull (A,B) modified after Ezcurra (2016);
Archaeopteryx skull (C) modified after Rauhut (2014); Coelophysis pelvis (C) modified after Tykoski (2005). Abbreviations: P, Permian; ET, Early Triassic; MT Middle
Triassic L Triassic, Late Triassic; E Jurassic, Early Jurassic; MJ, Middle Jurassic; L Jurassic, Late Jurassic (Supplementary Material S1-Tables S4-S6).
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FIGURE 7 | Temporal disparity of archosauromorph cranium and pelvis captured by 2D geometric morphometrics from the late Permian to the Late Jurassic, as
measured from phylogenetically interpolated values (“gradualistic” model), with disparity quantified as the sum of variances, average nearest neighbor distance and
average displacements (log-transformed) based on shape variables of the principal component analysis. (A) Cranial and pelvic disparity of pseudosuchians. (B) Cranial
and pelvic disparity of avemetatarsalians. (C) Cranial and pelvic disparity of pterosaurs. The yellow (cranium) and cyan (pelvis) solid lines show the median of
estimated disparity for each bin, with the orange bands showing the total range of disparity estimated from 1,000 time-calibrated trees and the blue band showing the
range delimited by the 2.5 and 97.5% quantiles of the same. Erpetosuchus skull (A) modified after Benton and Walker (2002); Poposaurus pelvis (A) modified after
Schachner et al. (2011); Archaeopteryx skull (B) modified after Rauhut (2014); Coelophysis pelvis (B) modified after Tykoski (2005); Dorygnathus skull and pelvis (C)
modified after Wellnhofer (1978). Abbreviations: P, Permian; ET, Early Triassic; MT Middle Triassic L Triassic, Late Triassic; E Jurassic, Early Jurassic; MJ, Middle
Jurassic; L Jurassic, Late Jurassic (Supplementary Material S1-Tables S4-S6).
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FIGURE 8 | Temporal disparity of archosauromorph cranium and pelvis captured by 2D geometric morphometrics from the late Permian to the Late Jurassic, as
measured from phylogenetically interpolated values (“gradualistic” model), with disparity quantified as the sum of variances, average nearest neighbor distance and
average displacements (log-transformed) based on shape variables of the principal component analysis. (A) Cranial and pelvic disparity of ornithischians. (B) Cranial and
pelvic disparity of theropods. (C) Cranial and pelvic disparity of sauropodomorphs. The yellow (cranium) and cyan (pelvis) solid lines show the median of estimated
disparity for each bin, with the orange bands showing the total range of disparity estimated from 1,000 time-calibrated trees and the blue band showing the range
delimited by the 2.5 and 97.5% quantiles of the same. Stegosaurus skull (A) modified after Sereno and Dong (1992); Scelidosaurus pelvis (A) modified after Carpenter
(2013); Archaeopteryx skull (B) modified after Rauhut (2014); Coelophysis pelvis (B) modified after Tykoski (2005); Adeopapposaurus (C) modified after Martinez (2009);
Eoraptor pelvis (C) modified after Sereno et al. (2013). Abbreviations: P, Permian; ET, Early Triassic; MT Middle Triassic L Triassic, Late Triassic; E Jurassic, Early
Jurassic; MJ, Middle Jurassic; L Jurassic, Late Jurassic (Supplementary Material S1-Tables S4-S6).
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FIGURE 9 | Comparison of median cranium and pelvis disparity captured by 2D geometric morphometrics from the late Permian to Late Jurassic between different
archosauromorph groups, as measured from phylogenetically interpolated values (“gradualistic” model), with disparity quantified as the sum of variances, average
nearest neighbor distance and average displacements (log-transformed) based on shape variables of the principal component analysis. (A) Cranial disparity of stem-
archosaurs (dark purple line), pseudosuchians (red line), avemetatarsalians (cyan line), dinosaurs (blue line), pterosaurs (orange line), ornithischians (black line),
theropods (magenta line) and sauropodomorphs (green ling). (B) Pelvic disparity of stem-archosaurs (dark purple line), pseudosuchians (red line), avemetatarsalians
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Jurassic, Late Jurassic (Supplementary Material S1-Tables S4-S6).
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curve drops until the Pliensbachian, showing only a minor
recovery afterwards (Figure 7A).

In contrast, Avemetatarsalia shows an approximately constant
increase of sum of variances from the late Permian to the Late
Jurassic. The same trend is found for average nearest neighbor
distance, but with a stronger increase during the Late Jurassic
(Figure 7B).

Interpolating shape variation along the branches also allows
assessment of patterns for subclades that otherwise could not be
investigated due to their small sample sizes (although the smaller
sample sizes and phylogenetic uncertainty likely increase error).
In this regard, the sum of variances of pterosaur crania increases
from the late Norian to the Rhaetian, followed by a strong drop at
the Triassic-Jurassic boundary until the Sinemurian. The curve
remains low until the end of the Middle Jurassic before it
increases exceptionally fast during the Late Jurassic. This
pattern is also found for average nearest neighbor distance,
but with a gradual increase during the Early Jurassic (Figure 7C).

The cranial disparity of dinosaurs follows approximately the
patterns described for Avemetatarsalia. For ornithischian crania,
sum of variances remains low during the whole Late Triassic and
the first half of the Early Jurassic. From the Pliensbachian
onwards, sum of variances increases until the Oxfordian, but
drops towards the Tithonian. The average nearest neighbor
distance shows a stronger increase during the Triassic. The
curve peaks in the Toarcian and drops slightly in the Middle
Jurassic, before entering a period of stagnation until the end of the
Late Jurassic (Figure 8A).

From the Late Triassic to the Middle Jurassic, the sum of
variances is low for theropod dinosaurs, after which it strongly
increases until the end of the Late Jurassic. The average nearest
neighbor distance increases from the early Norian to the
Sinemurian. After a small decrease, the curve increases from
the Middle Jurassic until the Late Jurassic (Figure 8B).

The sum of variances of sauropodomorphs shows a low,
gradual increase from the Late Triassic to the end of the Late
Jurassic, with a small peak during the Hettangian and a second
much higher peak in the late Middle Jurassic. The average nearest
neighbor distance increases constantly, and more abruptly than
sum of variances, from the Late Triassic to the Pliensbachian,
followed by an extreme late Middle Jurassic peak, as occurs with
the sum of variances (Figure 8C). Dinosauria as a whole shows a
steady increase in cranial disparity from the Late Triassic to the
Late Jurassic (Supplementary File S1-Tables S4-S6).

The samples of all archosauromorph, stem-archosaur, crown-
archosaur, avemetatarsalian, and dinosaur crania show a similar
trend for the average displacement, with approach to the centroid
of the morphospace (denoted by a diminution of the metric)
following their time of origin followed by a long period of
stagnation close to the centroid. For pseudosuchians, this
pattern is also seen during the Triassic, but some notable
distancing from the centroid occurring from the Rhaetian to
the Pliensbachian. Thereafter, pseudosuchians became
progressively closer to the centroid of the morphospace until
the end of the Late Jurassic, but occupying a more distant position
to the centroid than in the Late Triassic. Pterosaurs also show a
similar trend of approach to the centroid during the Triassic, but

Archosauromorph Disparity and Evolutionary Radiation

occupy a more distant position from the centroid than all
archosauromorphs  together and all non-dinosaurian
archosauromorph  groups. Subsequently, pterosaurs pass
through a period of distancing from the centroid from the
Rhaetian to the Sinemurian, before approaching the centroid
again to reach the lowest distance at the end of the Late Jurassic.
For ornithischians, the period of approach to the centroid is
prolonged, spanning from the early Norian to the Toarcian,
before stagnation relatively close to the centroid until the
youngest sampled time bin. Theropod dinosaurs show a minor
distancing from the centroid from the Carnian to the early
Norian, and thereafter there is a gradual convergence towards
the centroid. A second distancing from the centroid occurs
during the Toarcian, before the theropod morphospace
becomes closer to the centroid once again. The average
displacement curve of sauropodomorphs is approximately
constant from the Carnian to the end of the Early Jurassic,
with a position relatively distant from the centroid. During the
Middle Jurassic, the morphospace of sauropodomorphs becomes
closer to the centroid and then departs again in the Late Jurassic
(Figures 6-8; Supplementary File S1-Tables S4-S6).

Major Patterns in Pelvic Disparity

The pelvic sum of variances of all Archosauromorpha increases
constantly from the late Permian up to a maximum in the
Sinemurian. Subsequently, the sum of variances approximately
halves by the end of the Middle Jurassic and stagnates at this level
until the end of the Late Jurassic. The average nearest neighbor
distance is approximately constant until the end of the Early
Jurassic, showing a minor peak in the Hettangian, and then
increases from the Toarcian until the end of the Late Jurassic
(Figure 6A).

For stem-archosaurs, sum of variances and average nearest
neighbor distance continuously increase from the late Permian
until the late Norian (the last data point), with an increase of rate
of increase during the Late Triassic (Figure 6B).

The course of sum of variances through time in crown
archosaurs resembles that for all archosauromorphs, differing
only in that there is a minor decrease during the early Norian and
a small increase during the Late Jurassic. The average nearest
neighbor distance increases from the Early Triassic to Carnian
and remains approximately constant until the Kimmeridgian,
with a minor peak around the Triassic-Jurassic boundary. The
curve ends with an increase during the Tithonian (Figure 6C).

The sum of variances of pseudosuchian pelves increases from
the Early Triassic until the Carnian, followed by a period of
stagnation until the end of the Triassic. At the Triassic-Jurassic
boundary, a marked drop is observed, but due to lack of data the
course of disparity cannot be traced further than the Sinemurian.
The average nearest neighbor distance shows a quite similar
pattern with a peak during the Rhaetian (Figure 7A).

The temporal patterns of sum of variances and average nearest
neighbor distance in avemetatarsalians are almost identical to
those of crown archosaurs as a whole (Figure 7B). The sum of
variances of the pterosaur pelves remains low from the Late
Triassic to the end of the Late Jurassic, showing a high local peak
in the late Middle Jurassic. The average nearest neighbor distance
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increases from the Rhaetian to the Sinemurian and drops during
the Pliensbachian. Thereafter, it increases until the end of the
Middle Jurassic before dropping again in the middle Late Jurassic
(Figure 7C).

The sum of variances of dinosaur pelves increases constantly
from the Late Triassic to the Pliensbachian, followed by a steady
drop until the end of the Jurassic. The average nearest neighbor
distance shows a small initial increase during the Carnian and
remains constant until the Kimmeridgian, showing a final
increase during the Tithonian. The sum of variances for
ornithischian pelvis is low over the entire studied interval,
with a minor peak around the Triassic-Jurassic boundary. The
average nearest neighbor distance shows an increase from
the early Norian to the Hettangian and stagnates until the
Pliensbachian. Towards the end of the Early Jurassic, the
average nearest neighbor distance decreases, but shows a slow
and steady recovery until the end of the Late Jurassic (Figure 8A).
The sum of variances and average nearest neighbor distance of
the theropod pelves increase steadily from the Late Triassic to the
Sinemurian, followed by a marked drop in the Pliensbachian, and
a pronounced rebound lasting until the end of the Late Jurassic
(Figure 8B). The sum of variances of sauropodomorph pelves
increases slowly from the Late Triassic to the Pliensbachian,
followed by a pronounced drop in the Toarcian and a
subsequent increase until the end of the Late Jurassic. The
average nearest neighbor distance shows the same major
trends (Figure 8C).

The samples of all archosauromorph, stem-archosaur, crown-
archosaur, avemetatarsalian, dinosaur, pterosaur, and
ornithischian hips show a similar trend for the average
displacement with an initial approach towards the centroid
after their time of origin and a long period of stagnation close
to the centroid of the morphospace. For pseudosuchians, the
trend is similar for the Triassic, but it shows the exploration of
new region of the morphospace in the Early Jurassic. Theropod
dinosaurs show displacements away from the centroid in the
Carnian to the early Norian. Thereafter, the sample of theropod
hips stagnates relatively far from the centroid and shows a second
notable movement away from the centroid during the Toarcian.
Sauropodomorphs approach the centroid from the Carnian to the
late Norian and stagnate until the Pliensbachian, followed by a
major movement away from the centroid in the Toarcian and
thereafter another movement towards the centroid during the
Middle and Late Jurassic (Figures 6-8; Supplementary File S1-
Tables $4-S6).

Regression Analyses

In a few of the clades examined, disparity through time correlates
significantly with sampled diversity (Supplementary File S1-
Table S7). Cranial sum of variances correlates significantly
with sampled diversity in Archosauromorpha and Archosauria
as a whole, while pelvic sum of variances correlates with disparity
in stem-archosaurs and ornithischians. No significant
correlations were detected between average nearest neighbor
distance and sampled diversity for the cranial dataset, and a
significant correlation was only found for stem-archosaurs for the
pelvic dataset. In the case of the average displacements,

Archosauromorph Disparity and Evolutionary Radiation

correlations between this metric and sampled diversity are

more frequent, occurring for all archosauromorphs,
archosaurs, pseudosuchians, avemetatarsalians, dinosaurs, and
pterosaurs for the cranial dataset, and archosaurs,
pseudosuchians,  avemetatarsalians,  ornithischians, and

pterosaurs for the pelvic dataset.

Tests for correlations between the disparity metrics of the
cranial and pelvic datasets with each other through time were
significant for several clades (Supplementary File S1-Table S8).
Sum of variances for cranium and pelvis shows significant
correlations for all Archosauromorpha, Avemetatarsalia, and
Theropoda, whereas average nearest neighbor distances show
significant correlations for all clades with the exception of
Ornithischia, Sauropodomorpha and Pterosauria. The average
displacement values of the cranial and pelvic datasets retrieved
significant correlations for almost all clades, with the exception of
Sauropodomorpha and Pterosauria.

Evolutionary Rates

Evolutionary rates were faster at the beginning of the
archosauromorph radiation than later in time (Figures
10-12), with a significant trend of decrease in rates through
time for the pelvis using phylogenetic ridge regression across the
whole tree (see Supplementary File S1-Table S9). There were no
other significant trends in rate through time for any of the PC
values (or for all taken together) for either the cranium or pelvis
and the tree as a whole, but the slope was always negative except
for PC3 in the pelvic data (see Supplementary File S1-Table S9).
A number of significant shifts (i.e. significant changes of rate at
particular nodes of the tree) in the rate of evolution of the
cranium and pelvis were detected (see Supplementary File S1-
Table S10), but these were strongly influenced by age
uncertainties affecting the branch lengths, and also the tree
topology. Shift locations also varied considerably among the
range-dated trees.

Cranial Rate Shifts

Downshifts in cranial rates were detected in all trees somewhere
within Pseudosuchia, usually near or at the base of the clade. A
downshift was also detected in all trees usually at Avemetatarsalia
(142 of the 1,000 analysed trees) or Dinosauria (29 trees) and at
Theropoda (25 trees) or Neotheropoda (723 trees). A significant
increase in rate was detected either at Saurischia (three trees) or
near the base of Sauropodomorpha (129 trees) (Figure 10). Using
non-allometric residuals, results were broadly similar, with an
additional downshift detected at the Prestosuchus +
Crocodylomorpha clade in two trees (see Supplementary File
S1-Table S10).

Pelvis Rate Shifts

Shift detection results differed considerably from the cranial
dataset. Overall, using range-dating, significant increases at the
base of major clades were followed by significant decreases within
clades, but there was some variation. A decrease at
Dinosauromorpha was detected in 58 trees, followed by an
increase around the base of Dinosauriformes (one tree) or
Dinosauria (10 trees). A further increase was detected at
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145.0 Ma

Ornithischia in 82 trees, and a decrease at the clade that includes
Heterodontosaurus + other ornithischians was detected in 714
trees. Similarly, an increase at Sauropodomorpha was detected in
18 trees, and a decrease at the Plateosaurus + Sauropoda clade in
26 trees. In contrast, a decrease in rate was detected at
Pseudosuchia (47 trees), and an increase in various early
pseudosuchian clades (42 trees, differing exact clades)
(Figure 11). Results were very similar using non-allometric
residuals, with only the upshift at Dinosauriformes failing to
be detected (see Supplementary File S1-Table S10).

Comparison of Rates and Change in Rates Between
Groups and Rest of Tree

For the cranial dataset, Archosauria showed significantly lower
rates (estimated marginal means—EMMSs; p < 0.05) than the
rest of the tree for PC3 (broadly speaking, a skull with smaller

and more dorsally-placed orbit and antorbital fenestra
versus one with larger, more ventrally placed openings—see
above). Significantly lower EMMs were also found for
Dinosauria for PC3 and Pseudosuchia for PC2 (a long, low
skull versus a high skull with tall rostrum—see above)
compared to the rest of the tree, and the change in rate
through time (slope) was significantly higher for
Pseudosuchia for PC3. For the pelvic dataset, the rate for
PC3 (a more robustly built “stem”-type pelvis versus a
theropod-like gracile pelvis—see above) was significantly
lower in Archosauria than in the rest of the tree using range
dating. The change in rate through time for PC4 (a stockier,
more robust pelvis as in some stem taxa and pseudosuchians
versus a sauropod-type more gracile pelvis with curved iliac
blade margin—see above) in Sauropodomorpha was also
significantly higher than that for the rest of the tree using
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range dating. All other comparisons were non-significant (see
Supplementary File S1-Table S11).

Rates Through Time

When the median cranial rate for all taxa is plotted through
time there is a clear overall pattern of deceleration towards
younger time bins. From the late Permian to the Ladinian,
the rates decrease by more than half. After a short period
of stagnation across the Middle-Late Triassic boundary,
the median cranial rate decreases continuously, reaching

its minimum in the Toarcian, followed by a minor increase
towards the end of the Late Jurassic (Figure 12;
Supplementary File S1-Table S12). The median pelvic rate
for all taxa shows a pattern broadly consistent with the
cranium, including an initial global peak and a deceleration
during the rest of the Triassic-Pliensbachian with an
interruption around the Middle-Late Triassic boundary.
Contrasting, however, with the cranial rate, pelvic rate
accelerates in the late Early Jurassic and this pattern
continues during the rest of the Jurassic (Figure 12;

Frontiers in Earth Science | www.frontiersin.org

16

September 2021 | Volume 9 | Article 723973


www.phylopic.org
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Foth et al.

A 0.020-P ET| MT | L Triassic E Jurassic | MJ [ L Jurassic
0.017

[}

T 0.014

<

[

-

4+ 0.0114

[}

T
0.008

o
0.005- _\ .
0.002 T T T T T

245 225 205 185 165 145

B 0.020 P [ET[ MT | L Triassic E Jurassic | MJ [ Ljurassic
0.017 w

[}

T 0014

<

Q

5 o011

o \

]

S 0.008

-4
51005 \/ W
0.002

T T T
205 185 165

Age (Ma)

T T
245 225 145

FIGURE 12 | Change through time of evolutionary rates of 2D geometric
morphometric shape in the archosauromorph cranium (A) and pelvis (B) from
the late Permian to Late Jurassic. Rates were initially very high and dropped
across the interval. The yellow (cranium) and cyan (pelvic) lines show the
median of rate for all branches crossing each bin, with the blue band
surrounding it indicating the 95% confidence interval based on 1,000 range
calibrated trees. Prolacerta skull (A) modified after Ezcurra (2016);
Coelophysis pelvis (B) modified after Tykoski (2005). Abbreviations: P,
Permian; ET, Early Triassic; MT Middle Triassic L Triassic, Late Triassic; E
Jurassic, Early Jurassic; MJ, Middle Jurassic; L Jurassic, Late Jurassic
(Supplementary Material S1-Tables S4-S6).

Supplementary File S1-Table S12). There was a significant
negative correlation between time and stage-binned median
rate for the skull (p < 0.01) and the pelvis (p < 0.001) but this
was reduced (skull; p < 0.05) or disappeared (pelvis; p > 0.05)
using an autoregressive model (Supplementary File S1-Table
§12). For the skull, a generalized random walk (GRW) model
with a negative step mean (~9.99¢ ) fitted the mean stage-
binned rate better than an unbiased random walk (URW;
AAICc = 0.887), whereas for the pelvis the URW was the
better fit (AAICc = 1.251), although the GRW step mean
was also negative (-1.12¢7°). A correlation between the
skull and pelvis median rates was significant (p < 0.001)
and remained significant (p < 0.01) using an autoregessive
model (Supplementary File S1-Table S12), supporting
statistically the similar pattern shown by both skeletal
partitions. The minor decoupling between the regions as a
result of an acceleration in pelvic rates is reflected in the
higher residual values of this regression in the last three
time bins.

Archosauromorph Disparity and Evolutionary Radiation

DISCUSSION

The results reported above provide a much more detailed and
comprehensive picture of the early archosauromorph radiation
than those of similar previous studies (e.g. Foth et al., 2016a) and
have far-reaching implications both for this specific radiation and
for the study of marcoevolutionary radiations more broadly.
They provide evidence of a delayed disparity peak in the
archosauromorph radiation, similar to other larger radiations
but contrasting with many taxonomically shallower or smaller
ones, and of reducing rates of evolution through time concordant
with an “early burst” pattern of evolution sensu lato. More
specifically, this work also confirms previous elucidation of an
underappreciated ecomorphological diversity in stem archosaur
taxa, confirming the ecological importance of these species in
Triassic terrestrial ecosystems, and demonstrates the benefits of
including ghost/Lazarus lineages in studies of relatively poorly
sampled clades.

Disparity Patterns in the Context of the
Archosauromorph Radiation and

Macroevolution

Evidence of a Delayed Peak in Disparity but “Early
Burst” of Evolution

The sum of variances (volume) and average nearest neighbor
distance (density) through time describe a broadly similar pattern
in each of our datasets, which is congruent with the simulations of
Guillerme et al. (2020). Using these two metrics, all sampled
clades showed a delayed density-volume disparity peak in both
the cranium and pelvis. Archosaurs (cranium), avemetatarsalians
(cranium), dinosaurs (cranium), theropods (cranium and pelvis),
sauropodomorphs (pelvis), and pterosaurs (cranium) all reach
their maximum disparity at the end of the Jurassic, which is the
last bin sampled. This indicates that disparity was not likely
saturated by the end of the time span sampled here, and these
trends of increase may continue in the Cretaceous. Similar
delayed disparity peaks have been previously found for
pterosaurs (Prentice et al., 2011; Butler et al., 2012; Foth et al.,
2012), crocodylomorphs (Stubbs et al., 2021), and turtles (Foth
and Joyce, 2016; Foth et al., 2017), but contrast with many smaller
clades (see below). In contrast, concordant with our results for
rates of change through time (see Discussion below),
Archosauromorpha as a whole and all of the subclades
examined (see specific points for Dinosauria, below) show
broadly decreasing average displacement through time,
indicating that evolutionary change tended to tail off after the
initial radiation of novel ecomorphologies, concordant with an
“early burst” pattern of evolution sensu lato (Puttick, 2018).

Pelvic Data Further Supports Underappreciated Stem
Archosaur Disparity

At its highest peak, the cranial disparity of stem-archosaurs
almost reaches the maximum values of Triassic
pseudosuchians (Figure 9), as was previously reported by Foth
et al. (2016a). While the sum of variances of the stem-archosaur
cranial dataset already declines slightly towards the end of the
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Norian, their pelvic disparity continued to rise until the end of the
Triassic. Indeed, the pelvic disparity peak of stem-archosaurs is
almost three times higher than that of pseudosuchians,
pterosaurs, sauropodomorphs, and ornithischians when all
these groups are considered separately (Supplementary File
S1-Tables S4-S6). Thus, stem-archosaurs possessed an
unappreciated disparity of hip morphologies, indicating a high
diversity in terms of habitat preferences and locomotion styles
(e.g. Renesto et al., 2002; Renesto and Saller, 2018; Ezcurra et al.,
2021a). This supports previous work that demonstrated that stem
taxa were diverse and successful (Foth et al., 2016a; see below).
However, when compared with Avemetatarsalia and Dinosauria,
stem-archosaurs have a lower sum of variances, but surpass the
latter clades in their average nearest neighbor distance values
(Supplementary File S1-Tables S4-S6).

The Triassic-Jurassic Mass Extinction and Major
Reduction in Pseudosuchian Disparity

As described for the cranium, the pelvic volume-density disparity
of pseudosuchians shows a strong decline across the Triassic-
Jurassic boundary (see above), which may be related to the mass
extinction event. However, due to the poor sampling of
pseudosuchian pelves in the Jurassic, this result should be
treated with caution. However, this result agrees with
conclusions of Toljagi¢ and Butler (2013)—who investigated
pseudosuchian disparity across the Triassic-Jurassic boundary
based on discrete characters of the entire skeleton — that this
extinction event affected primarily non-crocodylomorph
pseudosuchians, while crocodylomorphs themselves radiated
adaptively in the Early Jurassic, precipitating an increase in
disparity and a shift in their morphospace occupation (see also
Stubbs et al., 2021).

More surprisingly, the extension of the disparity analyses
towards the end of the Jurassic reveals that after the decline in
the Early Jurassic, the cranial disparity of pseudosuchians
(represented by sum of variances) recovered in the Late
Jurassic and surpassed that of avemetatarsalians. This increase
in disparity is accompanied by a shift in morphospace and
probably correlates with the adaptive radiation of
crocodylomorphs in the Jurassic (Toljagi¢ and Butler, 2013),
when the clade radiated into a wide range of morphotypes
with correspondingly varied cranial size and morphologies,
including, for example, marine thalattosuchians, semi-aquatic
goniopholidids, and terrestrial protosuchids (Bronzati et al.,
2015; Mannion et al., 2015; Godoy et al., 2019; Stubbs et al.,
2021). Only the terrestrial protosuchians were probably in direct
competition with carnivorous avemetatarsalians, primarily small
theropods.

Pterosaur Disparity and the Radiation of
Monofenestrata/Pterodactyloidea

Within Avemetatarsalia, the cranial disparity of dinosaurs is
clearly higher than that of pterosaurs during the entire study
interval. Only in the Tithonian both groups approach one
another as a consequence of the notable increase of cranial
disparity in pterosaurs during the Late Jurassic. This increase in
pterosaur disparity corresponds to major modifications in their
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cranial anatomy, especially rostral adaptations for piscivory
(Osi, 2015). As we only sampled non-monofenestratan
pterosaurs (for the cranial dataset; see Materials and
Methods), which possess an external naris and antorbital
fenestra as independent openings, we expect that the actual
cranial disparity of pterosaurs was even higher than estimated
here due to the radiation of Monofenestrata/Pterodactyloidea
during the Middle and Late Jurassic (Li et al., 2009; Andres
et al., 2014). In contrast, pterosaurs possess an aberrant pelvic
morphology compared to that of other archosauromorphs,
possessing an ilium with an extremely elongated
preacetabular process, a short, ventrally directed pubis, and a
plate-like ischium (Wellnhofer, 1978), and their pelvic disparity
is notably low when compared with dinosaurs. This reflects the
greater variety of cursorial locomotor modes in dinosaurs
(Carrano, 1999) and probable morphofunctional constraints
imposed by flight in pterosaurs.

The Radiation of the Dinosauria and Disparity Patterns
Within Dinosauria, the increase of cranial and pelvic disparity is
as a result of the early diversification of ornithischians,
sauropodomorphs and theropods, probably concomitant with
niche partitioning into herbivores (ornithischians, early
sauropodomorphs, ~ some  theropods), = megaherbivores
(sauropods, some large bodied ornithischians), omnivores
(some theropods, early sauropodomorphs and ornithischians),
insectivores, carnivores, piscivores, and hypercarnivores (most
theropods) (see Barrett and Rayfield, 2006; Barrett et al., 2011).
Specialization for different food resources precipitated
morphological diversification affecting the entire body plan,
including the morphology of the skull and teeth, neck length,
girdle and limb morphology, locomotion style, digestive system,
and body size (e.g. Henderson, 2002; Sander et al., 2011; Barrett,
2014). Interestingly, however, the cranial and pelvic disparity of
each main dinosaur group remains relatively low during the Late
Triassic, while disparity curves for dinosaurs as a whole show a
trend of increase. This indicates continued morphospace
exploration by the clade as a whole, but relative stasis within
morphotypes, which is in agreement with the results of the
evolutionary rates analyses (see below). For the cranium,
increase continues during the Jurassic for each main dinosaur
clade. This may reflect a greater plasticity of the cranium and its
adaptation to sub-niches within the broader morphospace of
pelvic adaptation (see below).

Sauropodomorphs show the highest peak of cranial density-
volume disparity among dinosaurs during the late Middle
Jurassic. This peak could have been a result of the
diversification of sauropods into two major clades during the
Middle Jurassic, the Diplodocoidea, with relatively long rostra,
and the Macronaria, with box-shaped crania. The peak is
followed by a severe decline in sauropodomorph cranial
disparity during the early Late Jurassic. However, the large
confidence intervals for sauropodomorph disparity during the
Middle Jurassic, which are caused by poor sampling, cast doubt
on whether this decline was in fact as severe as it appears. In
contrast, the cranial disparity of theropods displays a major
increase later, during the Late Jurassic, probably reflecting the
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diversification of the major lineages of the clade (Rauhut and
Foth, 2020). Ornithischians show their strongest increase in
cranial disparity during the late Early Jurassic, which is
probably linked to the radiation of the three major
ornithischian ~ clades,  Thyreophora, = Ornithopoda  and
Marginocephalia, which all possess very distinct cranial
morphologies (Weishampel et al, 2004). Thus, all dinosaur
clades demonstrate a notable increase in cranial disparity during
the Jurassic, which is consistent with the idea that the major
ecomorphological radiation of dinosaurs occurred after
the Triassic-Jurassic extinction event, when they filled many of
the ecological niches left vacant by the extinction of other terrestrial
amniotes (Benton, 1983; Brusatte et al., 2008a, 2010). Nevertheless,
this ecomorphological diversification of dinosaurs seems to have
occurred from the late Early Jurassic onwards, thus a many
millions of years after the mass extinction event; thus, evidence
of a direct replacement pattern as a consequence of empty niches
left vacant by the extinction remains ambiguous.

The early increase of pelvic disparity seen in dinosaurs is
probably linked to the appearance of the opisthopubic hip of
ornithischians, which is one of the most aberrant forms within
the pelvic morphospace. This pelvic morphology is probably
related to a shift to an herbivorous diet (Weishampel and
Norman, 1989; Barrett, 2014) that requires a longer
intestinal tract for digestion (Chivers and Hladik, 1980).
However, the pelvic disparity within ornithischians
themselves is relatively low, and shows relatively little
variation, which resembles the disparity pattern of the also
highly aberrant pterosaur pelvis. Ornithischians have a
complex evolutionary history in terms of locomotion, in
which quadrupedality evolved at least three times
independently from bipedal ancestors (Maidment and
Barrett, 2012). While the shifts towards quadrupedality in
ornithopods and marginocephalians occurred in the
Cretaceous, the locomotory shift within thyreophorans falls
within our study interval. However, in Thyreophora at least,
this locomotor shift does not appear to be reflected in changes
of pelvic disparity. Sauropodomorphs, which showed a similar
dietary shift to that of ornithischians, did not evolve an
opisthopubic pelvis, although later members show a
mesopubic condition and probably solved the problem of
digestion by increasing their body size (Sander et al., 2011).
Like most ornithischians, sauropodomorphs also show a shift
towards quadrupedality around the end of the Triassic
(McPhee et al., 2018). Both ecological shifts fall into a
period of disparity increase during the Norian and Early
Jurassic. Thereafter, the pelvic disparity of sauropodomorphs
fluctuates, with no clear pattern, with exception of a minor
increase during the Late Jurassic. Theropods show an initial
low peak in the Early Jurassic and a second major increase in
pelvic disparity during the Late Jurassic. This latter peak is as
a result of major differentiation between taxa affecting the
shape of the preacetabular process, the orientation and
curvature of the pubis, the shape and size of the pubic boot,
the relative length and curvature of the ischium, and the
shape and size of the ischial obturator process (Hutchinson,
2001).

Archosauromorph Disparity and Evolutionary Radiation

Interestingly, the pelvic morphospace of Dinosauria as a
whole declines steadily from the Pliensbachian to the end
of the Late Jurassic based on density-volume disparity
metrics, while each major dinosaur clade either stagnates
(ornithischians), fluctuates (sauropodomorphs) or even
increases (theropods) during this period. This discrepancy is
explained by a shift in sauropodomorphs and theropods from
propubic to mesopubic pelves, which resulted in a change of
their morphospaces, moving closer to the opisthopubic
ornithischian morphospace and decreasing the dinosaur
morphospace occupation as a whole. These morphospace
shifts for sauropodomorphs and theropods are indicated by
peaks in the average displacement during the Jurassic and
by high evolutionary rates (see below).

Disparity Patterns and Taxonomic Diversity

There is some evidence for a correlation between sampled
diversity (i.e. number of observations per bin) and disparity,
especially using the position metric (average displacement),
which measures the average distance from the centroid.
However, the density metric (average nearest neighbor
distance) showed no significant correlation and the volume
metric (sum of variances) showed very few, demonstrating
the major impact that the chosen metric can have on the
conclusions drawn. Average displacement is probably less
likely to be influenced by outliers than sum of variances,
with volume metrics often to unoccupied
sections of trait space (Guillerme et al., 2020). On the other
hand, average nearest neighbor distance is likely to
underestimate disparity in the sample if it is composed of
groups of closely-placed taxa, because the nearest neighbors
will always be within these groups. It is in fact best considered as
a measure of the quantity of measurements in trait space, and is
therefore especially sensitive to sampling (Guillerme et al,
2020). Thus, in the context of comparison to sample size,
average displacement may actually provide the most reliable
metric when calculated for each group separately (as was the
case here).

There does, thus, appear to be a quite common positive
relationship between sampled diversity and disparity, as would
be expected if taxa were effectively allotted randomly in trait
space through unconstrained morphological evolution without a
directional trend (Wesley-Hunt, 2005; Erwin, 2007). However, it
is perhaps most revealing for which groups no correlation with
average displacement is found, namely stem-archosaurs,
Ornithischia, Theropoda and Sauropodomorpha for the cranial
dataset, and all  Archosauromorpha, stem-archosaurs,
Dinosauria, Theropoda and Sauropodomorpha for the pelvic
dataset. This perhaps reflects relatively conserved cranial
morphologies in comparison to the mean within each
dinosaur group during the sampled time interval, and a
relatively conserved pelvic morphology in stem taxa and in
dinosaurs except ornithischians.

The much more widespread lack of correlation of sampled
diversity with the volume metric (sum of variances) is, as
mentioned, probably at least partly due to development of
very disparate morphologies failing to be matched by
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sampling, i.e., due to unequal diversification of clades with
different body plans (at least in the sample at hand—for
example pterosaurs and ornithischians show relatively
limited sampling but very disparate morphology-). The
positive correlation found for Ornithischia when taken
alone probably reflects the low diversity and low sampling
(possibly null in the Triassic—Baron, 2019, but see Desojo
et al., 2020) within the clade. The positive correlations for
Archosauria and Archosauromorpha on the other hand
probably reflect the large size of these clades both in
disparity and diversity sampled, with the effects of outliers
tending to be cancelled out. The lack of correlations with the
density metric, average nearest neighbor distance, are far from
surprising, because this will be strongly affected by unequal
distribution of taxa in trait space and does not actually
measure overall disparity, but rather the level of grouping
in trait space.

Thus, especially at broad phylogenetic scale, our study does
provide some evidence for a positive association between
diversity and disparity, assuming that sampled diversity
reflects taxonomic diversity. At first glance, this contrasts
strongly with many previous studies for varied groups that
have indicated that taxonomic and morphological diversity
were decoupled (e.g. Wills et al., 1994; Fortey et al, 1996;
Bapst et al., 2012; Marx and Fordyce, 2015; Puttick et al,
2020), with diversity often expanding or remaining high
despite relatively low disparity (Benson et al., 2012; Ruta et al,,
2013). However, these studies largely examined variance or range
metrics, which—as discussed—are more likely to be affected by
outliers. Our study thus demonstrates the utility and importance
of comparing different potential measures of disparity. Evidence
of a correlation even using the volume metric (sum of variances)
at large phylogenetic scales also indicates that diversity and
disparity may tend to be decoupled within radiations of
ecomorphologically similar taxa (as in, for example, previous
studies of plesiosaurs—Benson et al, 2012—or anomodont
therapsids—Ruta et al., 2013), but correlate in clades showing
broad ecomorphological diversity. Furthermore, there is some
evidence that decoupling may become stronger later in time after
an initial radiation, as rates decline (Brusatte et al., 2008b), some
ecomorphologies are eliminated, but speciation continues
(Schweizer et al, 2014), also perhaps explaining the
correlations seen here.

The Effect of Including Ghost Lineages and Lazarus
Taxa on Inference of Disparity Patterns

Measuring  density-volume  disparity  exclusively — from
phylogenetically-interpolated shape variables results in curves
that are much smoother than curves based on terminal taxa
and hypothetical ancestors alone (Foth et al., 2017). However,
when archosauromorph cranial disparity with interpolated
phylogenetic relationships is compared with the results of Foth
et al. (2016a), similar major patterns are recovered for all
archosauromorphs, archosaurs, and avemetatarsalians. The
course of the disparity curve for pseudosuchians during the
Jurassic on the other hand differs considerably from that
recovered by Foth et al. (2016a), but the same general pattern
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of increase, decrease, and re-increase through time is still
detected. A further difference when compared with Foth et al.
(2016a) is the trajectory found for stem-archosaurs, probably due
to the presence of several inferred ghost lineages (indicating the
presence of Lazarus taxa) in the early Norian that were not taken
into account in the previous study.

Nevertheless, major patterns are broadly similar to those
found by Foth et al. (2016a), who did not include ghost
lineages/Lazarus taxa: the Early and Middle Triassic is marked
by a high cranial disparity of stem-archosaurs, pseudosuchians
are the most disparate clade in the Late Triassic, and
avemetatarsalians surpass pseudodosuchians only in the Early
Jurassic after the latter clade suffers a severe loss of disparity
around the Triassic-Jurassic boundary (Figure 9; see also Brusatte
et al., 2008a; Stubbs et al., 2013). The recovery of these broadly
similar general disparity trends using interpolation of traits along
branches indicates that the impact of Lazarus taxa in the late
Permian and Early Triassic (i.e. Tanystropheidae, Allokotosauria,
Erythrosuchidae) seems to be negligible. However, it should be
noted that this concordance in disparity estimates may well relate
to the already comprehensive sampling of stem-archosaurs in
Foth et al. (2016a); and in the current study, and should only be
generalized to similarly sampled groups.

In contrast, the cranial disparity of pterosaurs through time
differs considerably from the results of Foth et al. (2012). This is
not unexpected, however, because the latter study used only
terminal taxa and an epoch-level coarse temporal binning
instead of the stages used here. Nevertheless, the current study
does reveal a small disparity peak at the end of the Late Triassic
and a higher one at the end of the Late Jurassic, which broadly
reflect the signal obtained by Foth et al. (2012). However, the
latter study, due to its coarseness, misses an intermediate period
of disparity depression between these peaks during the Early and
Middle Jurassic. Thus, for groups with poorer sampling, the
impact of including ghost lineages appears to be notably
greater, and may allow further details of macroevolutionary
patterns than otherwise detectable to be elucidated (see also
Wilberg, 2017; Guillerme and Cooper, 2018).

Rates of Morphological Change

Further Evidence for an “Early Burst” of Evolution in
the Archosauromorph Adaptive Radiation

The results of our analyses of rates of morphological change for
the tree as a whole are congruent with the disparity patterns of the
average displacement (see above) and indicate a general pattern of
morphological diversification with higher initial rates followed by
lower rates once diversification into niches has occurred—an
“early burst” pattern sensu lato (see below; Puttick, 2018). Major
ecomorphological shifts, such as the development of herbivory,
probably linked to the opisthopubic morphology in Ornithischia
(see above; Weishampel and Norman, 1989; Barrett, 2014),
appear to have been accompanied by high rates of
morphological change. Reducing rates through time are seen
in both the cranium and pelvis when fully incorporating
phylogeny, but it is only for the pelvis that this trend is
significant. This corresponds to a higher cranial than pelvic
disparity in many archosauromorph groups (see above), and

Frontiers in Earth Science | www.frontiersin.org

20

September 2021 | Volume 9 | Article 723973


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Foth et al.

may reflect lower lability of pelvic change than in cranial
morphology, with fundamental pelvic changes occurring at the
origin of clades (e.g. Ornithischia, Pterosauria) but followed by
lower rates. This may indicate greater functional constraints on
the pelvis because of its central role in locomotion, and lower
necessity for change within particular dietary groups (e.g. larger
and smaller carnivores). Cranial morphology on the other hand
appears to remain more labile, with fluctuating changes in
morphology probably related to specificity of diet.
Furthermore, the origin of major ornithischian (ceratopsian,
thyreophoran, ornithopod) and pseudosuchian
(thalattosuchian) morphotypes relatively late in the interval
examined, in turn accompanied by major changes in cranial
morphology, probably serves to reduce the temporal signal of
decreasing rates; if the studied interval is extended forward in
time, a statistically significant trend of decrease might be
detectable. However, this pattern is no longer significant using
non-allometric residuals, although the rate of pelvic evolution
does still decline through time. Nevertheless, this does not in itself
invalidate the conclusions drawn because body size is intimately
connected to ecological niche and thus overall morphology; in
this case, removal of allometric information may well in fact
exclude important aspects of shape. Model fitting analysis using
the mean stage-binned data, and regression of time against
median stage-binned rate, both found evidence for a trend of
decreasing rate through time for the skull. At first glance this
contrasts with the results directly using phylogenetic ridge
regression, but this can be considered to also support an early
burst sensu lato pattern. This is because rates as a whole decrease
over the interval, but this pattern is not consistent across the
phylogeny because rates increase again at the base of some
radiations and on particular lineages. Furthermore, stability in
lineages following an initial early burst contributes to a pattern of
overall decreasing rates when time-binned, but means that no
significant trend of decrease is found for such lineages themselves
when phylogeny is properly included because there is relative stability
or even instances of increase later in the evolution of the lineages.

Location of Rate “Shifts”

The particular clades pinpointed as showing decreases and
increases in rates were strongly affected by differences in tree
dating and also (but to a lesser extent) by phylogenetic topology.
However, these results also broadly support the idea of major
morphological changes localized around the origins and
radiations of major clades. Downshifts near the base of major
clades indicate stabilising morphology within a radiating clade.
Upshifts, though less consistently identified, tend—when they
occur—to be located slightly “stemward” to downshifts in each
clade, indicating high initial rates when major morphological
innovation occurs and then a slowdown of rates as phylogenetic
diversification of the clade takes place. For example, in the
cranjum, upshifts are detected around the base of Saurischia,
but with subsequent slowdowns within Theropoda/
Neotheropoda. ~An  upshift around the base of
Sauropodomorpha in some range-dated trees is not recovered
when size-correlated aspects of shape are removed, and appears
to be driven by the major increases in size in this lineage.

Archosauromorph Disparity and Evolutionary Radiation

In the pelvis, this pattern was even more consistent, with
increases at Dinosauromorpha (the clade that includes all taxa
closer to the theropod dinosaur Compsognathus, than to the
pterosaur Pterodactylus or the crocodile Alligator; see Ezcurra
et al.,, 2020), Ornithischia, and Sauropodomorpha followed by
subsequent decreases within each clade, respectively
(Supplementary File S1-Table S10). This may reflect that
pelvic changes are more extreme/fundamental than those in
the cranium as new ecomorphologies are developed, but
thereafter more conserved, again reflecting the probable
greater lability of cranial evolution due to lower constraints
and greater specificity to adaptation. The pelvic shifts
identified likely correspond to major changes in locomotion
and feeding, with that at Dinosauromorpha corresponding
with the development of cursorial bipedality, that in
Ornithischia reflecting the development of an opisthopubic
morphology in connection with herbivory, and that in
Sauropodomorpha potentially reflecting the evolution of
herbivory and graviportality and quadrupedality in the clade
(Sander et al., 2011; McPhee et al., 2018). A different pattern
is detected for Pseudosuchia, however, with changes in the pelvis
low at the base of the clade, but significant upshifts are detected at
the base of major clades. This probably reflects diversifications
into different ecomorphologies (e.g. heavily armoured aetosaurs,
bipedal terrestrial carnivores, aquatic carnivores) in a context of
relatively low overall pelvic disparity for the group.

Removal of allometric shape information for the cranium had
very little effect on the results, but the additional downshift
detected around the base of Crocodylomorpha may reflect a
connection between size and longirostry in the clade (i.e. with
smaller taxa tending to have shorter rostra); other studies have
demonstrated heterochronic processes at play in skull shape in
extant taxa (e.g. Morris et al., 2019; Sookias, 2020). For the pelvis,
removal of allometric information led to the upshift at
Dinosauromorpha failing to be detected; given that
morphological radiation in Dinosauria was intimately
associated with change (usually increases) in body size (Irmis,
2010; Sookias et al, 2012), removal of allometric data may
actually mask relevant signal. In contrast, in Pseudosuchia, the
removal of allometric change resulted in detection of an
additional =~ rate  downshift around the base of
Crocodylomorpha; this possibly reflects the close connection
between reducing body size and changes towards a more agile,
cursorially-adapted pelvis (with very extended pubis and
relatively ~ shortened  ischium) in  early  terrestrial
crocodylomorphs.

Clade-Specific Rates

When individual a priori identified clades were compared with
the rest of the tree in terms of evolutionary rates and changes of
evolutionary rates, there were mostly no significant differences
(and indeed none at all at p = 0.01). This may indicate that testing
a priori defined clades is not the optimal way of identifying shifts
in evolutionary rate and change of rate, and thus demonstrates
the utility of an automated approach as implemented by the
search.shift funtion in RRPhylo. It does, however, also
demonstrate that the differences in rate and rate of change
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seen between groups in the sample at hand are relatively subtle,
because if there were dramatic major changes in particular
lineages these would be likely to be detected even using a
manual approach. The only significant (p = 0.05)—and by far
the majority of non-significant—differences in rate between a
priori defined clades and the rest of the tree were examples of
lower rates in the clade. This is in accordance with the wider
pattern seen of decreasing rates through time, and tendency for
clades to show significant downshifts following their radiation.
Although there was quite some variation, in the majority of
cases—including all those that are significant at p = 0.05—the
slope of the a priori defined subclades was less steep than that of
the tree as a whole. This is again consistent with morphological
slowdown and stabilization following the origin of major clades,
with less change on average within these clades than seen across
the broader tree.

Median Rates Through Time, Radiation, and Extinction
The median time-binned evolutionary rates for the entire dataset
show a trend of deceleration through time (see above and
Figure 12), until reaching a minimum in the Toarcian
(cranium) and Pliensbachian (pelvis), and subsequently
increasing again during the late Middle and Late Jurassic. A
local peak of pelvic evolutionary rates during the Ladinian seems
to be related to the diversification of locomotory strategies after a
first morphospace expansion during the Anisian (Ezcurra and
Butler, 2018; Ezcurra et al., 2021a). The result for the pelvis in
particular contrasts with previous studies that found very high
evolutionary rates for archosauromorphs as a whole and stem-
archosaurs during the Early (as opposed to Middle) Triassic based
on discrete characters of the entire skeleton (Ezcurra and Butler,
2018; Ezcurra et al., 2021a). These differences of results may be, at
least in part, related to the interpolation method used here and
the absence of any correction for ghost lineages in the previous
studies. They may also relate to the different means used of
capturing morphology, with overall shape perhaps diversifying
subsequently to discrete characters—i.e., major ecomorphological
diversification being subsequent to phylogenetic diversification.
This would be congruent with previous work indicating that
diversification is associated with relaxed diversity bounds (e.g.
due to continental colonization or post-extinction free niche
space) rather than necessarily ecomorphological diversification
(e.g. Alhajeri et al., 2016; Cantalapiedra et al., 2017). Furthermore,
the continued ecological importance of therapsids during the
Early Triassic may have limited scope for ecological, as opposed
to phylogenetic, diversification. However, the interpolation
method and shape of the archosauromorph phylogenetic tree
may also have affected the results: Ezcurra and Butler (2018)
calculated the phylogenetic diversity of early archosauromorphs
and found that the Induan shows a drop in diversity, and
cladogenetic events are concentrated in the late Permian,
Olenekian and Middle Triassic. Our interpolation method
probably concentrated inferred morphologies in the latter time
bins and resulted in low Early Triassic rates driven by the lower
number of branches that occur in the Induan. Beyond that, the
general pattern of deacceleration of rates during the Triassic
matches the results recovered by the previously mentioned earlier
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studies focused on archosauromorphs (Ezcurra and Butler, 2018;
Ezcurra et al., 2021a) and also a similar analysis focused on
ichthyosaurs (Moon and Stubbs, 2020). By contrast, the

evolutionary rates of Triassic non-mammalian
mammaliamorphs increase rather constantly during this
period (Close et al., 2015).

The stabilization (cranium) or increase (pelvis) of

evolutionary rates since the Toarcian is likely related to the
mass extinction event and the diversification of the group as a
result of the occupation of empty niches (Benton, 1983; Brusatte
etal., 2008a; Brusatte et al., 2008b; Irmis, 2010). A similar pattern
of high evolutionary rates and subsequent deceleration have been
found in mammaliamorphs (Close et al., 2015), whereas rather
constant rates have been found for lepidosaurs in the Early
Jurassic (Simoes et al, 2020). The increase of evolutionary
rates—which is stronger for the pelvis—recovered here for
archosauromorphs during the Middle and Late Jurassic
partially matches the results found for lepidosaurs, but the
latter show a conspicuous deceleration in the Late Jurassic
(Simoes et al., 2020). By contrast, mammaliamorphs depict a
continuous decrease of rates during the Middle and Late Jurassic
(Close et al., 2015). Finally, ichthyosaurs show a gradual and
slight deceleration of rates during the Jurassic (Moon and Stubbs,
2020). As a result, the Middle and Late Jurassic represent times of
adaptive radiation in archosauromorphs, mammaliamorphs, and
lepidosaurs, but with each clade displaying a differently-timed
peak of evolutionary rates during this period. Thus, the
acceleration in morphological evolution present in these
groups were probably driven by intrinsic conditions of each
clade and/or biological interactions with other clades, not by
general environmental factors.

Evolutionary Rates and Wider Evolutionary Processes
Overall, our results shed further light on the wider process of
evolutionary diversification. The observed pattern of change
slowing through time and being localized around the base of
major clades is concordant with previous quantitative work on
other clades (Ruta et al., 2006; Harmon et al., 2010; Puttick, 2018)
and corresponds broadly to Simpson (1944, 1953) conceptions of
adaptive radiations and numerous previous observations of the
fossil record (Foote, 1994; Wagner, 1997; Hughes et al., 2013). As
explored previously (Harmon et al., 2010), this pattern may not
be the result of a strict “early burst” process of declining rates
along lineages (as implied by Simpon’s conception), but rather
the result of early movement into selective optima and
stabilizing selection thereafter (multiple optima under an
Ornstein-Uhlenbeck model). This latter pattern can be
broadly considered as an “early burst” process, with declining
rates at more deeply nested nodes (Puttick, 2018). Under
this model, younger clades tend to show higher rates
of evolution because of directional selection or selective
release, with this effect “cancelled out” by stabilising selection
over longer time scales (Gingerich, 1983; Gingerich, 2001;
Lynch, 1990; Stanley, 1995; Hendry and Kinnison, 1999;
Kinnison and Hendry, 2001; Roopnarine, 2003; Estes and
Arnold, 2007). This concept corresponds to the idea of
“punctuated equilibrium,” with periods of strong directional selection
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punctuating stabilising selection (Eldredge and Gould, 1972; Gould,
2002; Butler and King, 2004; Estes and Arnold, 2007).

Such processes would possibly be more concordant with the
localization seen of downshifts in rates at the base of clades
entering new ecomorphological niches (e.g. Ceratopsia within
Ornithischia), rather than at the very base of the
archosauromorph and archosaur radiations, and with the
continued rate variation seen within clades. It would also be
concordant with the relatively high rates seen in stem-archosaur
taxa, which have a relatively short duration because the group
went extinct close to or during the Triassic-Jurassic mass
extinction. A conclusive distinction between a “true” early burst
(ie. declining rates), restriction around optima, and multiple
Brownian regimes would require further investigation. What is,
however, likely—given the apparent bursts of evolution at the base
of various clades—is that models with multiple optima would
fit the data better than those with single rates/optima, agreeing
with previous suggestions that strict “early burst” models for very
large radiations may not fit the data because repeated bursts
of evolution within radiations are common (Puttick, 2018).
However, the outcome of the rate analysis depends on the tree
topology and the method of time calibration. The
‘equal’ calibration approach employed here to fix the age of the
origin of Archosauromorpha (following Ezcurra et al, 2014)
represents just one possible calibration approach. Using other
calibration methods (see Bapst, 2013; Bapst, 2014) may change
the time of this early peak of rates (resulting in older peaks), but
will not affect the overall pattern of “early-burst-like” process found
by our analyses and its general congruence with higher levels of
morphological disparity. The differences seen between the cranium
and pelvis also elucidate further the specifics of the process of
adaptive radiation, with differing patterns of evolution in different
anatomical regions. Some structures (e.g. the skull) are probably
more labile than others (e.g. the pelvis), possibly due to lower
morphofunctional constraints, with more constrained structures
characterizing the “Bauplan” of a group (Blomberg and Garland,
2002; Valentine, 2004). Thus, different patterns of change through
time may be expected when different traits and regions are
analysed, possibly accounting for the detection of “true” early
burst signals in some clades but not in others (see Harmon
et al.,, 2010).

Broader Macroevolutionary Implications

Taken together, the results of the current study lend further
support to the idea of a non-competitive replacement of stem by
crown-archosaurs, and call into question the level of applicability
of the idea of “peak disparity.” Stem-archosaurs were previously
demonstrated to show relatively high cranial disparity (Foth et al.,
2016a), with crown taxa only expanding fully in disparity
following the extinction of many stem taxa. This is confirmed
here for the cranium, and also appears to apply to the pelvis, again
indicating that crown taxa expanded due to ecological release
rather than outcompetition of stem forms. This is further
supported by comparing the rates of evolution between stem
and crown taxa, with in general very weak evidence for consistent
rate differences between the stem and the crown. Indeed, stem
taxa show slightly higher rates than crown taxa (significant only
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for a few single PC axes—see Results), although this may be
confounded by the longer period of morphological stasis seen
after the development of major crown lineages. This is congruent
with much previous work indicating similar patterns of
competitive release rather than outcompetition between
archosauromorph groups (Brusatte et al., 2008a; Sookias et al.,
2012; Foth et al., 2016a).

The apparent failure of archosauromorphs to reach “peak
disparity” during the studied interval is notable because it is
relatively long—ca. 60 Myr—(Briggs et al., 1992; Erwin, 2007;
Hughes et al.,, 2013), although similar delayed peaks have been
previously observed in pterosaurs (Foth et al., 2012), turtles (Foth
and Joyce, 2016; Foth et al., 2017), crocodylomorphs (Stubbs
et al,, 2021) and some mammalian groups (Jernvall et al., 2000;
Wesley-Hunt, 2005). Potentially, the artificial truncation of our
dataset at the end of the Jurassic may have prevented peak
disparity from having been reached by crown-archosaur clades
(Hughes et al., 2013). However, work demonstrating early peaks
has tended to be focused on taxonomically smaller clades with a
more morphofunctionally constrained morphology (e.g.
subclades such as ankylosaurs are used by Hughes et al
(2013) rather than Ornithischia or Dinosauria as a whole),
whereas the large scale of the archosauromorph radiation
would imply that repeated development of novel and disparate
body forms in different subclades prevented peak disparity from
being reached. Thus, the Triassic-Jurassic archosauromorph
radiation seems not to fit the idea of an early peak of
disparity, without a peak being reached within a particular
ecomorphotype (corresponding to an “early burst” pattern of
evolution sensu lato), but this may be due to the development of
new ecomorphotypes effectively releasing disparity constraints
(e.g. by entering another dietary of habitat niche) before a peak is
reached.

The current study also helps to address, at least within
Archosauromorpha, the question of whether the disparity of
different anatomical regions (in this case cranium and pelvic
girdle) tends to be correlated, with different regions showing
broadly corresponding disparity but with more pronounced
differences at lower phylogenetic levels. The lack of correlation
between the cranial and pelvic disparity curves of Ornithischia,
Sauropodomorpha and Pterosauria is a result of relatively more
stable pelvic disparity values through time than those for the
cranial dataset. This further supports the idea (see above) that the
pelvis—perhaps due to its more directly mechanically functional
role—is less plastic to morphological change. This potentially
contrasts with the results found for some other groups, where
structures involved in locomotion—e.g. limbs—were found to be
more labile than the skull (Vidal-Garcia and Keogh, 2017); this
points towards taxon specificity of these conclusions, but limbs
may potentially be less constrained than the pelvis. Thus, while at
lower phylogenetic scales there is support for a “mosaic” pattern
of evolution with differing disparity patterns between different
regions (see e.g. Felice and Goswami, 2018), at a broader scale
these patterns may tend to converge (as it was the case of a
significant correlation between cranium and pelvis in the three
disparity metrics). The broad correlation in the changes in the
position of the morphospace between the cranial and pelvic data
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is consistent with a coupled evolutionary model of deceleration of
morphospace migration through time for both skeletal partitions.

CONCLUSION

Overall, this study sheds important new light on the early
diversification of Archosauromorpha and Archosauria, and has
implications for the study of evolutionary diversifications more
broadly. We provide evidence for a delayed disparity peak, “early
bursts” sensu lato of evolutionary change both at larger and smaller
phylogenetic scales, and a confirmation of unexpectedly great
disparity among stem taxa during this hyperdiverse radiation.
All sampled clades of archosauromorphs showed a delayed
density-volume disparity peak in both the cranium and pelvis,
indicating that disparity was not likely saturated by the end of the
studied time span (Late Jurassic), and indeed disparate and unique
archosaur clades continue to radiate in the Cretaceous (e.g.
ceratopsians, ornithomimosaurs, notosuchians). Such delayed
disparity peaks may in fact be typical of such large-scale and
hyperdiverse radiations, and this area warrants further study.
Archosauromorpha shows very high initial rates of cranial and
pelvic evolution (Permian-Middle Triassic) followed by lower ones
once diversification into more specific niches has occurred (Late
Triassic-Jurassic), representing an “early burst” sensu lato model.
This pattern is accompanied by a decrease of the displacement of
the morphospace, with initial evolutionary shifts followed by a
period of near-stasis once diversification into niches has occurred.
Similar patterns are found within subclades, with very high initial
rates as new ecomorphologies develop, followed by relative stability
(especially for the pubis). Again, this has wider implications for
geological-scale evolutionary radiations more broadly, supporting
broad-based evidence of reducing rates through time during such
events. Our study also—in contrast to much recent work—finds
relatively widespread evidence of a correlation between diversity
and disparity, and indicate that—at least in initial parts of adaptive
radiations—such patterns may be more commonplace than
expected. Correlation, is, however, only widely found using
average displacement as a metric, demonstrating the importance
of using different diversity metrics to describe the morphospace
more comprehensively. Significant correlations of diversity
with sum of variances at the largest phylogenetic scales also
demonstrate the effect of scale on such results. Our results are
congruent with previous results that highlighted an unexpectedly
high cranial morphological diversity for stem-archosaurs
during the Middle and early Late Triassic, with a similar
pattern found for pelvic disparity. The size of the morphospace
(see sum of variances) of the pelvic region in stem-archosaurs
remained similar to (Early and Middle Triassic) or lower (Late
Triassic) than that of pseudosuchians and avemetatarsalians.
By contrast, the disparity evidenced in stem-archosaurs via
the pelvic girdle morphospace (see average nearest neighbor
distance) of stem-archosaurs was higher than that of
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indicates greater lability in cranial than pelvic shape during the
archosauromorph radiation across all clades, with greater stability
of pelvic morphology within clades following development of
unique characteristics (e.g. opisthopubic morphology). This
potentially ~ demonstrates the greater —morphofunctional
constraints placed on the pelvis, and the way in which different
skeletal partitions can be more or less variable or constrained
during evolutionary radiations. Finally, interpolating shape
changes along branch lengths allows to estimate, with the
proper caution, disparity also for time periods with poor fossil
record. The major results are comparable to analyses that include
only terminal taxa and hypothetical ancestors, but the interpolation
allows for correction of the impact of Lazarus taxa. Using only
terminal taxa for disparity analysis, however, can lead to different,
flawed outcomes, which are primarily caused by smaller sample
sizes and longer time bins. The current study thus demonstrates the
utility of usage of interpolated morphologies in more poorly
sampled bins in this kind of analysis.
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