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Early terrestrial vertebrates (amniotes) provide a classic example of diversification
following adaptive zone invasion. Theinitial terrestrialisation of vertebrates was closely
followed by dietary diversification, as evidenced by a proliferation of craniomandibular and
dental adaptations. However, morphological evolution of early amniotes has received limited
study, in analyses with restricted taxonomic scope, leaving substantial questions about the
dynamics of thisimportant terrestrial radiation. We use novel analyses of discrete characters
to quantify variation in evolutionary rates and constraints during diversification of the
amniote feeding apparatus. We find evidence for an early burst, comprising high rates of
anatomical change that decelerated through time, giving way to a background of saturated
morphological evolution. Subsequent expansions of phenotypic diversity were not associated
with increased evolutionary rates. Instead, variation in the mode of evolution became
important, with groups representing independent origins of herbivory evolving distinctive,
group-specific morphologies and thereby exploring novel character state spaces. Our findings
indicate the importance of plant-animal interactionsin structuring the earliest radiation of
amniotes, and demonstrate the importance of variation in modes of phenotypic divergence

during a major evolutionary radiation.

Key Words: Amniotes; Herbivore; Teeth; Adaptive Radiation; Quantum Evolution
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Amniotes comprise mammals and reptiles (including birds), their most recent
common ancestor and all of its descendants. These groups are fully terrestrialised, with
reproduction and other aspect of ecology occurring independently of water. The fossil record
of early amniotes documents a shift to fully terrestrial lifestyles during the Bashkirian stage
of the late Carboniferous, about 325 million years ago (Mya), as indicated by a suite of
skeletal anatomical traits facilitating locomotion, lung ventilation and feeding on land in early
amniotes [1,2]. Thiswas closely followed by dietary diversification. Herbivory in particular
was central to the evolutionary establishment of modern-type terrestrial ecosystems, alowing
access to the vast energetic resource of stored primary production in land plants [3,4].
Herbivory first appeared during the Kasimovian (late Pennsylvanian), around 306 million
years ago (Mya), and had evolved independently in at least eight separate groups by the end
of the Paleozoic, 252 Mya [5]. This provides a striking example of evolutionary convergence,
with early herbivorous amniotes showing substantial variation in their craniodental
adaptations for processing plant matter, including molariform posterior dentition in diadectids
[6,7], grinding tooth plates in both edaphosaurids and captorhinids [8,9] and atoothless
keratinous beak in anomodonts [10].

Vertebrate terrestrialisation is a classic example of adaptive zone invasion followed
by phenotypic diversification, and provides a natural laboratory for examining how variation
in rates and modes of evolution give rise to large increases in morphological diversity
(disparity). Adaptive zones comprise sets of ecologica opportunities or niches, and the theory
of adaptive radiation [11,12] proposes that the evolutionary discovery of new or previously
under-exploited adaptive zones results in divergence occurring along ecological lines[13-15],
resulting in rapid increases in disparity during the early history of agroup [16-18]. This has
more recently been formalised by the “early burst” model, which attributes expansions of

disparity primarily to a short-lived burst of high rates of anatomical change (hereafter
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evolutionary rates) occurring simultaneously in many lineages, which then decelerate through
time as niches become filled [19-21].

Quantitative study of adaptive radiation has focussed on the role of rate variation,
which has become paradigmatical as a mechanism controlling the accumulation of
phenotypic disparity ([22-25], but see [26,27]). However, adaptive radiation could be
envisaged more broadly as the early attainment of high disparity by lineage-specific shiftsin
phenotype due to variation in the dynamics of trait evolution — including variation in both
evolutionary rates and constraints. For example, in addition to describing hypothesised
patterns of rate variation, Simpson’ s foundational exposition of the theory of adaptive
radiations al so included the concept of quantum evolution [12]. This describes a pattern of
generally constrained evolution, in which increases in disparity occur due to rare, but abrupt
shifts of morphology and ecology in individual lineages, which explore new areas of
phenotypic space. Evolutionary constraints may result either from intrinsic factors such as
inherited developmental or functional limitations on the range of possible forms and
evolutionary changes [28,29], or from extrinsic factors such as the availability of ecological
niches [30,31]. Therefore, increases in disparity symptomatic of adaptive radiation could
result from relaxation of developmental constraints, from evolution into new niches, or
perhaps frequently, from both effects acting together [28,29].

Ultimately, the hypothesis of adaptive radiation seeks to explain variation in
ecological diversity among groups, which is reflected most directly by the diversity of
ecologically-relevant phenotypic traits such as the feeding apparatus. Early amniotes exhibit
high disparity of jaw morphologies and functions compared to other tetrapodomorphs [32],
consistent with a hypothesised adaptive radiation during vertebrate terrestrialisation. This
evolutionary expansion of amniote feeding mechanisms was most likely enabled by

anatomical changes to the postcranial musculoskeletal system that liberated the skull from its
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primitive role in lung ventilation. The origins of costal (rib-based) lung ventilation removed
the need for cranial buccal pumping in ventilation [2], allowing greater evolutionary
versatility of skull and jaw morphology and function [1,33,34]. In particular, reorientation of
jaw-closing (adductor) muscles permitted static pressure to be exerted at the front of the jaw
when nearly closed, enabling grinding and other forms of oral processing as prerequisites for
awiderange of novel diets and ecologies, including ‘high-fibre’ herbivory of land plants[2].
Dietary diversification is therefore central to understanding the evolutionary dynamics of
early amniotes.

Macroevolutionary studies of early amniotes have thus far focussed on patterns of
lineage diversification (origination and extinction) and the establishment of species richness
rather than patterns of morphological evolution [35-37]. This provides only an indirect and
incompl ete perspective on adaptive radiation because increases in species richness can occur
independently of ecological or phenotypic diversification [15,38,39], and phenotype has a
more direct relationship with the ecological niche than does species diversity [15,38]. So far
however, few analyses of morphological evolution in early amniotes have been conducted,
and these have been limited in taxonomic scope [40-44].

We examine the evolutionary dynamics of the early amniote feeding apparatus,
including the macroevolutionary effects of the origins of amniote herbivory, by analysing
patterns of dental evolution among early fossil amniotes. Teeth play adirect rolein food
acquisition, and dental variation is generally thought to reflect diversification of feeding
modes [45-47]. Our analysis examines not only the changes in dental disparity and variation
in rates of dental evolution, asin previous studies, but aso uses a novel method to quantify
variation in morphological constraints, based on the ability of lineages to explore novel
regions of character space (character state saturation). We interrogate patterns across al early

amniotes, and also among faunivorous and herbivorous taxaindividually. Our analysis spans
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~70 million years, from the Carboniferous origin of amniotes until the Olenekian (Early
Triassic), employing a matrix of 114 discrete characters and a supertree of 539 taxa (Fig. 1)

time-calibrated using the fossilised-birth-death model.

Results and discussion
Rates of dental evolution and disparity during the origin of amniotes.

Amniotes show clear evidence for an early burst of high rates of dental evolution
among the oldest (predominantly faunivorous) lineages, with high rates during their earliest
origin and arapid fall to lower rates that persist throughout the Pennsylvanian and Cisuralian
(Fig. 28). Numerous novel dental morphologies appeared rapidly during the early evolution
of amniote faunivores, including anisodonty (potentially primitive for amniotes) [48],
bulbous teeth for durophagy [49] and fields of enlarged palatal teeth [49,50], all observed in
the fossil record in the earliest Pennsylvanian.

The rates observed in herbivores aso show a decrease from an initia peak, but the
magnitude and trend are similar to those observed in amniotes as awhole, rather than
representing an exceptiona early burst in one dietary guild. Instead, rates of dental evolution
at the first appearance of herbivorous groups during the Pennsylvanian are similar to those of
contemporary faunivore lineages, and remained so until the Artinskian, about 285 Mya (Fig.
2b). Evolutionary rates were more volatile in this early interval of herbivore evolution,
indicating greater between-branch variation in rates, but there islittle indication of an overall
rate increase sparked by the origin of herbivory.

Despite this, dental disparity of amniote herbivores increased rapidly, surpassing that
of faunivores by the end of the Carboniferous (Fig. 2d). Disparity of faunivores remained
relatively constant throughout the Cisuralian; by-interval Mann Witney tests, comparing the

disparity values obtained in each bin to that preceding it, indicates no significant shiftsin
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faunivore disparity between the start of the Asselian, 298 mya, and the latest Kungurian, 278
mya (Supplementary Table 1). Herbivore disparity was more variable (Supplementary Table
1) but remained consistently higher than that of faunivores throughout thisinterval (Fig. 2d).

Analysis using an aternative tree topology based on recent revisions to the amniote
phylogeny [51] found similar patterns of disparity and rate variation (Supplementary Figures
1,2). Initial rates of herbivore dental evolution were lower than those of carnivores, while
herbivore disparity rapidly overtook that of carnivores. This alternative dataset did produce a
peak in herbivore ratesin the latest Carboniferous, but thisis short lived and for the rest of
the Permian rates of dental evolution in herbivores remain consistent with those of

carnivores.

Middle and Late Permian Rates of Evolution.

Rates of dental evolution in both faunivores and herbivores declined through the
Carboniferous and the initia stages of the Cisuralian, consistent patterns seen across tetrapod
morphology as awhole [52]. This trend ends around the Artinskian (mid- early Permian),
about 285 Mya, when rates began to increase again in both guilds. Herbivore rates increased
more rapidly at first, exceeding those of faunivores until the early Guadalupian (middle
Permian; Fig. 2b).

This period of rate increase coincides with substantial changesin terrestrial
ecosystems and the establishment of a more modern trophic structure. Earlier assemblages
were overwhelmingly dominated by faunivores, with herbivores remaining rare from their
first appearance in the latest Carboniferous [3,5,35]. Large subsequent increasesin the
abundance of herbivores occurred by the middle Permian, at which time herbivorous
tetrapods dominated both in diversity and abundance [3,35]. This represents the

establishment of more modern-like terrestrial ecosystems and was accompanied by a
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substantial faunal turnover and possible mass extinction [1,53-55]. Terrestrial ecosystems of
the early Permian were dominated by pelycosaurs (a paraphyletic grade of early-diverging
synapsids) and amphibians (non-amniote tetrapods) [45,46,49]. This fauna was replaced
during the middle-ate Permian by one dominated by therapsids (the larger synapsid clade
containing mammals) and parareptiles (a stem reptile lineage) [49-51,53]. Among herbivores,
edaphosaurids and diadectids declined and were replaced by lineages with entirely novel
dental morphologies; initially the captorhinids, with multiple rows of maxillary and dentary
teeth forming grinding tooth plates, and caseids, with multicusped spatul ate teeth [35,41,56].
A second turnover of herbivores occurred across the Cisuralian/Guadal upian boundary,
coinciding with the radiation of anomodont and tapinocephalian therapsids and pareiasaurian
parareptiles [35,40,41,56-58]. These two turnovers coincide with, in the first case, peak
disparity in herbivorous captorhinids [41] and in the second, an early peak in disparity of
anomodonts [40] and asimilar peak in that of parareptiles [43] (although the latter did not
specifically examine patterns within the major herbivorous group of parareptiles, the

pareiasaurs).

Character Saturation.

The accumulation of high relative disparity, without increased rates of evolution,
among early amniote herbivores presents an apparent paradox. High dental disparity of early
amniote herbivores cannot be explained by differencesin the rate of evolution compared to
those of faunivores, but can potentially be explained by differences in the mode of evolution.
We therefore explored the possibility that faunivores exhibit more constrained evolution,
repeatedly evolving similar dental morphologies via convergence.

To examine this, we used the concept of character saturation, or exhaustion. Character

saturation describes the point at which further character changes are more likely to result in
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homoplasy than anew state [22,59]. We assess levels of character saturation using the
method employed by Brocklehurst et al. [60], comparing the morphological disparity
between taxon pairs (pairwise character state dissimilarity) to the inferred character state
changes measured along the branches of the phylogeny (* patristic morphological distance’), a
measure of the amount of evolutionary change since the divergence of apair of taxafrom
their most recent common ancestor. While dissimilarity generally increases with increasing
evolutionary change, this relationship will asymptote as the lineage reaches the limit of its
morphological constraint (i.e. at character state saturation). After this, further evolution will
generaly result in homoplasy rather than new characters states. Lower morphological
disparity at the asymptote indicates greater constraint on morphological evolution.

When applying this method to dental evolution in early amniotes, the loess regression
curve fitted to pairwise comparisons of faunivores asymptotes at a morphological distance of
less than 0.4 (Fig. 3d). The loess curve of the herbivores has not yet reached its asymptote,
despite having reached a higher morphological dissimilarity than that of faunivores. This
suggests that faunivores are evolving under increased constraint relative to herbivores, and
that the occurrence of relaxed constraints on dental evolution allowed early amniotes
herbivores to attain higher morphological and ecological disparity.

The apparent presence of relaxed constraints in herbivores results primarily from
comparisons among herbivores from different groups, representing independent origins of
herbivory (Fig 3b). Within-group comparisons between pairs of herbivorous species within a
single clade, representing a single origin of herbivory, indicate similar levels of
morphological constraint to those of faunivores (Fig. 3b). Thisindicates that each
evolutionary transition to herbivory reflects the establishment of a distinctive character state

space, and that this process of evolutionary ‘discovery’ of new regions of phenotypic space
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gaverise to most of the dental disparity of early amniotes. This pattern of constraint in
herbivores is also consistent with the concept of quantum evolution [12].

We show that the dynamics of dental evolution of thisinterval, persisting for more
than 30 million years, were dominated by eco-phenotypic shifts associated with the
specialised consumption of land plants. This observation provides strong evidence for the
advent of herbivory as a key innovation involved in vertebrate terrestrialisation and the

assembly of modern-type ecosystems on land.

Conclusions

G.G. Simpson hypothesised that phenotypic radiations driven by the invasion of
novel adaptive zones, might be responsible for much of the diversity of life on Earth [11,12].
Simpson’s[11] hypothesis emphasised variation in rates of evolution; asking “How fast, asa
matter of fact, do animals evolvein nature?’ ([11]: pg 3). Since then, rates of diversification,
either in accumulation of lineages [36,61-65], morphological diversification [22-25], or
dispersal rates [66], have dominated discussions of evolutionary radiation. However,
Simpson also discussed how shiftsin modes of evolution can alow invasion of new adaptive
zones, including release of constraints and shifts to novel regions of character state space
[11].

Early shiftsto high morphological diversity are common among animals [67-68].
However, these shifts can result from either high early rates of evolution, or from variation in
evolutionary modes. For example, evolutionary lineages exploring constrained trait spaces
will also show early establishment of their complete or near-compl ete phenotypic space, even
in the absence of early rate bursts e.g. [67,69,70]. Indeed, evidence for early bursts of

morphological evolution, in which rates are high during the early history of a group, and then
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subsequently decrease are rare in comparative datasets of extant species [20,71,72]. Harmon
et a [20] instead found most groups are characterised by constrained evolution. In this
context, expansions of phenotypic space associated with adaptive zone invasions can result
either from variation in rates of evolution, or by variation in constraints or the mode of
evolution, alowing exploration of novel phenotypic spaces by evolving lineages (somewhat
analogous to Simpson’s ‘ quantum evolution’ [12]).

The origin of fully terrestrial vertebrates (amniotes) provides an example in which
both processes operated, albeit at different times. They underwent a conspicuous early burst
of dental evolution, characterised by high rates that established the phenotypic space of early
amniotes, and decreased through time, giving way to a constrained pattern of subsequent
evolution. Further expansions of ecomorphospace, occurred during independent origins of
herbivory. These were no characterised by increasesin rate, but by the origins of constraint-
breaking innovations allowing access to new peaks associated with functionally disparate
methods of processing land plant biomass. Subsequently, constrained evolution continued to
occur within these groups, consistent with the hypothesis that phenotypic evolution is
frequently constrained, as inferred in studies of some other groups e.g. [20,70].

Our findings indicate variation in rates and modes of evolution unfolding during a
large-scale adaptive radiation of the land. Examinations of similar shifts, such as
terrestrialisation of plants and arthropods could test the generality of these patterns.
Examination of plant disparity [ 73] suggests an early expansion of morphological diversity at
the origin of land plants, with subsequent radiations representing re-colonisations of aready
established regions of morphospace. While this study did not specifically test rates of
evolution, the disparity patterns are consistent with an early burst followed by
ecomorphological constraint and warrant further study. With regards to arthropods, there has

been little examination of morphological diversity around their terrestrialisation, with more
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focus on the Cambrian explosion (for summary see [74]). However, lineage diversification
patterns in insects, along with study of mouthpart types, do provide evidence for an early
burst [75,76], providing a promising avenue for future research.

The general scarcity of early-burst like patterns of rate variation in phylogenetic
comparative studies of extant taxa (e.g. [17]) raises questions about their occurrence in fossi
record studies, including in early amniotes as shown here. High early rates have been
documented in various pal aeontological studies so far such as the Cambrian radiation of
bilaterian animals [77], the early Cenozoic placental mammal radiation following the end-
Cretaceous mass extinction [ 78] and various others[e.g. 41,79-82]. Indeed, they may be
common, because high early disparity has been widely documented in many fossil record
studies [22,40,52,68,72], and could result from early bursts of high rates of evolution or from
the interaction of high early rates and relaxed constraints [82] (although a similar patternis
expected under constrained evolution without arole of high early rates [67]).

We know of at least two possible explanations for this discrepancy between the
findings of extant-only and fossil record studies. Firstly, there may be arole for scale-
dependency, in which large-scal e adaptive zone invasions such as vertebrate terrestrialisation
are characterised by conspicuous patterns of high early rates that are generally not present on
the smaller scales often documented by comparative studies of extant radiations such as
island endemics or similar [25]. Alternatively, the rarity of early bursts in analyses of extant
taxamay be an artefact of the lack of fossil data. This could happen if much of the
phenotypic disparity that resulted from an ‘early burst’ of morphological evolution was
subsequently lost due to extinction. Indeed, very few of the earliest divergencesin amniotes
could be reconstructed from analysis solely of extant taxa, suggesting that pal aeontological
datamay be central to arigorous test of the early burst hypothesis [83] As reviewed above,

studies so far suggest that early bursts may be common in the major evolutionary radiations
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of deep time. We suggest that analyses of the interaction between of variation in evolutionary
rates and constraints would further shed light on the dynamics of these radiations,
contributing further to the theory of adaptive radiations.

In abroader macroevolutionary context, our findings highlight the importance of
examining both rates of evolution and evolutionary constraints. Both are necessary to explain
the dynamics of dental evolution and expansion of phenotypic diversity during the early
history of land vertebrates. Thisis aso likely true across other groups and eventsin Earth’s
history and we propose that combined studies of variation in rates and constraints of
phenotypic evolution could substantially advance understanding of the macroevol utionary

processes underlying attainment of the vast phenotypic diversity of life on Earth.

Methods

Supertree construction. The phylogenetic framework for this study was aformal supertree
designed to maximise the taxonomic scope of the study. The source trees were selected
according to criterialaid out in Brocklehurst et al. [84], with the temporal scope being limited
to the end of the Olenekian and the taxonomic scope being restricted to amniotes and their
two successive outgroups according to Pardo et al. [85]: Diadectomorpha and
Seymouriamorpha. A single tip representing Temnospondyli was added as an outgroup to
provide a calibration point for time-scaling the tree (see below). The source tree list was
finalised in February 2019.

The source trees were assembled using matrix representation with parsimony (MRP)
[86,87]. The MRP matrix was generated using the program Supertree0.85b [88], using the
Baum and Ragan method, with all source trees receiving equal weight. The matrix was
analysed in TNT [89], using the driven search at level 100. The most parsimonious trees were

searched for 100 times, and then a branch-and-bound search was carried out using each most
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parsimonious tree previously found as a start. Lineages containing no taxa from the time
period under study were collapsed into a single tip but were retained in the analysis during
time calibration. The final supertree contains 539 taxa (Fig. 1). In order to test the impact of
recent modifications to the amniote phylogeny on the results, a second supertree was created
with relationships between major clades representing those found by Ford and Benson [50]
and subjected to the same analyses of rate and disparity described below (Supplementary

Figures 1,2).

Character data. A matrix of discrete dental characters was developed for use both in time
calibrating the tree (see below) and for the analyses of dental evolution. These characters
were drawn in part from fifteen published phylogenetic analyses. All dental characters from
these lists were considered, with those invariable, unknown, or inapplicable for all taxain the
supertree being dropped. These include marginal, palatal, coronoid and prearticular teeth, as
well as characters relating to beak morphology for relevant taxa. Eight new characters were
also cresated.

Many of the characters retained required modification. Since most had been
formulated for a phylogenetic analysis of arestricted portion of the amniote phylogeny, many
required addition or modification of character states to make them more broadly applicable.
There were also substantial issues with character non-independence that required
reformulation or deletion of characters. Details of the policies employed in formulating and
deleting characters, along with the character list itself, are presented in the supplementary
notes. The final list contains 114 characters. Due to the substantial modification of most of
the characters, all taxawere scored from scratch either from the descriptionsin the literature
or direct observation of specimens, rather than using the scores from the relevant matrices.

463 of the taxain the supertree could be scored for at least one of the characters.
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Time Calibration of the phylogeny. The tree was timescaled using the fossilised birth death
(FBD) model [90] in MrBayes 3.2.6 [91]. The topology was constrained to the strict
consensus output by TNT. To account for the uncertainty in the time of the first appearances,
the ages of taxa were represented by a uniform probability distribution covering the full
possible age of the formation or assemblage zone in which they first appear. Three node
calibrations were used: the split between temnospondyls and amniotes (crown tetrapods), the
split between synapsids and sauropsids (crown amniotes), and the node containing
testudinates, archosauromorphs and lepidosauromorphs (crown saurians). Truncated normal
root priors were applied with the mean and standard deviation taken from the molecular clock
ages found by Pyron et al. [92], chosen as the most recent molecular clock study producing
agesfor al these nodes older than the oldest fossil taxon in the clades.

The matrix of dental characters was incorporated into the anaysis. The independent
gamma rates model was employed (an uncorrelated clock model where rates are drawn from
agammadistribution). Rate heterogeneity between characters was also modelled as agamma
distribution. The analysis was carried out with two runs containing four chains for 20000000

generations, sampling every 1000. 25% of trees were discarded as burn-in.

Disparity. The matrix of discrete dental characters was used in the analysis of morphological
diversity (disparity). A pairwise morphological distance matrix comparing al taxathat could
be scored for dental characters was calculated using the R package Claddis [93]. The
Maximum Observable Rescaled Distance (MORD) was used, having been shown to be more
suitable for datasets with large amounts of missing data. In addition to the observed tip taxa,
reconstructed ancestral taxa were included in the pairwise distance matrix, their character

states estimated using likelihood. This allows as-yet-unsampled morphologies to be



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

incorporated into the disparity estimates. As recommended by Lloyd [93], missing data was
not reconstructed. To account for uncertainty in the phylogenetic relationships and the
divergence dates, 100 trees were selected at random from the posterior distribution to form
the basis of the analyses.

The median pairwise morphological distance between taxa present at a particular time
was used as the disparity metric. For calculating the disparity through time, the time-slicing
approach [94] was used, rather than binning the data, as the latter approach potentially alows
taxathat did not overlap in time to be included in the same bin. The tree was sliced at
million-year intervals, and the branches present at each point in time were included in the
disparity calculations of that time.

The branches were assigned to either a faunivorous or herbivorous category, in order
to compare disparity between the two. This assignment was based on stochastic character
mapping using the ssimmap procedure [95]. 100 evolutionary histories were generated in this
manner over the 100 trees using the R package phytools [96]. Tips were assigned to
categories based on opinions in the published literature regarding their ecology, and where
the diet of a species was uncertain, the tip would be assigned to a dietary category at random
for each of the stochastic maps generated.

The time slicing approach of studying disparity requires models of morphological
evolution to infer a branch’s morphology at the point it is sliced. The gradual splits model,
where the branch sliced will be assigned at random the morphology of either its ancestral or
descendant node, with the probability of selecting one or the other being defined by the

distance along the branch the slice occurs, was used here [94].

Rates. The FBD method of time calibrating the phylogeny infers rates of character evolution

along each branch simultaneously while inferring topology and branch lengths. As MrBayes
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only ouputs rates for the maximum clade credibility tree, only this tree was used in this
section of analysis. These rates of evolution between faunivores and herbivores were
compared using the stochastic mapping approach described above to assign branchesin the
maximum clade credibility tree to the dietary categories. Rates through time were examined

using the same time-dlicing approach applied to disparity.

Character Saturation. Character saturation was tested by comparing the MORD
morphological dissimilarity between pairs of taxato the patristic morphological distance [97]
as done by Brocklehurst et a. [60]. Patristic morphological distance represents the number of
morphological changes that have occurred along the lineages leading to each taxon since their
most recent common ancestor. Thiswas inferred using an undated Bayesian phylogenetic
analysis under the MkV model, carried out using the matrix of dental characters and
constraining the topology to the maximum clade credibility tree identified by the FBD
analysis described above. The branch lengths from this undated analysis represent amount of
character change along phylogenetic lineages. The pairwise patristic distance between pairs
of taxa were therefore inferred from this tree using the distTips function in the package
adephylo [97]. Pairwise morphological dissimilarity and patristic morphological distances

were compared via aloess regression, fitted in R.
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Figure Captions
Figure 1: Summary of the supertree used in the study. Clades marked * evolved, or have been
suggested to have evolved, herbivory during the period of time under study (Carboniferous-

Early Triassic)

Figure 2: A) Rates of dental evolution in amniotes, inferred from maximum clade credibility
tree produced by the fossilised birth death model. The thin line represents median rate of each
branch at each time slice. The thick line represents a L oess fitted regression curve. B) Rates
of dental evolution of faunivorous (red) and herbivorous (blue) amniotes. Thin lines represent
rates inferred from the maximum clade credibility tree. Each thin line represents results from
one stochastic map used to assign a diet to each branch. The thick lines represent L oess fitted
regression curves. C) Dental disparity of amniotes (median pairwise distance between all taxa
present at each time slice. Each line represents a disparity curve inferred from arandomly
selected tree from the Bayesian posterior distribution. Each line represents a disparity curve
inferred from arandomly selected tree from the Bayesian posterior distribution. D) Dental
disparity of faunivorous (red) and herbivorous (blue) amniotes. Each line represents Each
thin line represents results from one stochastic map used to assign adiet to each branch in
one selected tree from the Bayesian posterior distribution. Silouettes from phylopic.or (public

domain), not to scale.

Figure 3: Comparisons of patristic morphological distances (x axis) to pairwise

morphological dissimilarity for faunivorous and herbivorous amniotes. Each point represents
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a comparison of distances between two taxa. The lines represent loess fitted regression
curves. A) Red points represent comparisons between pairs of faunivorous amniotes; blue
points represent pairs of herbivorous amniotes. B) Blue points represent comparisons
between pairs of herbivores from within the same clade; grey points represent comparisons

between pairs of herbivores from different clades.
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Supplementary Dataset 1

Character List

Because the matrices forming the basis of this character list are designed to examine
relationships of specific clades, many include characters with specific morphological
descriptions that are not relevant to the taxa in other clades. The most obvious example is the
use of incisors/incisiform teeth and molars/molariform teeth in therapsid/diadectid character
lists, which are not relevant to taxa without mammal-like differentiation. Characters referring
to canine, precanine and postcanine teeth are not relevant to taxa without a caniniform
tooth/region. In the case of characters referring to the canine and caniniform teeth the obvious
solution is to score taxa not possessing such teeth as inapplicable. But for precanine/incisor
teeth and molar/postcanine teeth, one must attempt to avoid issues of redundancy and
character non-independence with characters referring to premaxillary/maxillary teeth or
lateral dentition in general. One cannot, for example, have characters referring to the
number/morphology of incisors, score taxa without incisiform teeth as inapplicable, but then
include a character referring to the number of premaxillary teeth so that variation in taxa
without heterodonty may be accounted for.

In compiling this character list, the following practices are observed when choosing and
rewording characters. These practices have been formulated with eco-functionality in mind,
rather than homology (as would be used when formulating characters used in phylogeneteic
analysis).

e The upper teeth will be defined by the bone in which they are implanted (premaxillary
and maxillary). With dentary teeth, this becomes more problematic, as incisors,
canines and molars are all found within a single bone, so different practices are
applied (see below).

e The maxillary teeth are divided between caniniform and non-caniniform; if a
caniniform region/tooth is not present, all characters relating to caniniforms are scored
as inapplicable, and all maxillary teeth are treated as non-caniniforms

e Canines/caniniforms are defined as being a single tooth or region with teeth
noticeably longer than those before or after them in the maxilla. This definition does
not include precanine maxillary teeth, which in some descriptions of therapsids in the
1910s-1940s were referred to as canines/micro-canines.

e Characters referring to molars/molariform teeth have been reworded to refer to non-
caniniform maxillary teeth. In taxa where there is no canine or caniniform region this
will account for all maxillary teeth. In cases where there is a canine or caniniform
region this will account only for postcanines

e Some characters specify postcanine maxillary teeth. No characters in the source
matrix referred to the precanines except one referring to their number. Since
characters relating to the total number of maxillary teeth and the number of
postcanine maxillary teeth will by proxy allow variation in the number of precanine
maxillary teeth to be accounted for, this character was ignored.

e Characters referring to upper incisors have been reworded and if necessary rescored to
relate to teeth implanted in the premaxilla.



1)

2)

Characters relating to overall tooth morphology are no longer included. Variation in
tooth morphology in taxa with no heterodonty or heterodonty only in that they have
canines will be accounted for by characters referring to the morphology of the non-
canine maxillary teeth and the premaxillary teeth being scored for the same character
state.

Characters relating to dentary incisors/molars are reworded and rescored as precanine
and postcanine teeth and are scored as inapplicable in taxa without a dentary canine.
If a character refers to both upper and lower incisors or anterior dentary teeth, the
dentary teeth included in the scoring of the character are those that cover a portion of
the dentary equivalent to the fraction of length of the tooth row covered by
premaxillary teeth. For characters referring to both upper and lower molars the same
logic is applied; the dentary teeth included in the scoring of the character are those
that cover a portion of the dentary equivalent to the fraction of length of the tooth row
covered by non-canine maxillary teeth

Palatal tooth characters are arranged by tooth field. This has the biggest effect when
considering the teeth on the anterior ramus of the pterygoid. Sometimes this tooth
field will extend laterally onto the ectopterygoid and palatie, or even anteriorly onto
the vomer, but this still counts as the anterior ramus tooth field and so should not be
considered as representing the presence of an ectopterygoid/palatine/vomerine tooth
field. Tooth fields in close proximity or which seem confluent with each other may be
considered separate tooth fields if there is a noticeable and abrupt shift in
size/organisation coinciding with the transition to a new bone. E.g. palatal dentition of
Seymouria sanjuanensis — the tooth field of the anterior ramus of the pterygoid forms
numerous denticle rows which extend anteriorly onto the posteriormost portion of the
vomer. These posterior vomerine denticles are of similar size to the pterygoid
denticles and clearly form rows that are extensions of those on the pterygoid.
Therefore, these denticles are still considered part of the tooth field on the anterior
ramus of the pterygoid (a character is included indicating whether the pterygoid tooth
field extends onto the vomer). However, there are also denticles on the anteriormost
vomer. These are separated from those more posteriorly by a noticeable gap, and also
are not organised in rows in the same was that the posterior denticles are. Therefore,
these represent a separate, vomerine tooth field. Also present are vomerine fangs,
which are again treated separately.

For purposes of coding for the presence or absence of teeth on the coronoids, the
pattern of loss of the individual coronoids is judged to be from anterior to posterior
i.e. where two coronoids are present, they are the posterior and middle coronoid;
where one is present it is the posterior coronoid.

Tooth implantation: subthecodont (=protothecodont) (0); ankylothecodont (1);
pleurodont (2); acrodont (3); thecodont (4)
e [1] character 299

Tooth pedicely: absent (0); present (1).
e [2], character 80



3) Number of lateral premaxilliary teeth: premaxilla edentulous (0); 1-4 (1); 5-6 (2); 7-
20 (3); >20 (4)
e Boundaries between states were determined by K means clustering
e Lateral premaxillary teeth are specified due to the suggestion of premaxillary
teeth on the medial process in Haptodus [3]

4) Number of lateral maxillary teeth: maxilla edentulous (0); 1-4 (1); 5-11 (2); 12-21 (3);
>22 (4)
e Boundaries between states were determined by K means clustering
e Intaxa with multiple tooth rows, only the lateral-most row is counted

5) Maxillary caniniforms present as single large member of tooth series (0); present as
two or more enlarged members of tooth series (1); absent (2); or present as tusk (3).
e Modified from [4], character 22

6) Number of postcanine maxilliary teeth: 0 (0); 1-4 (1); 5-9 (2); 10-17 (3); >18 (4)
e Boundaries between states were determined by K means clustering

7) Number of tooth rows in the maxilla: one (0); two to four (1); five (2); six or more
(3), irregular pavement (4).
e States from [5], character 9, and [6], character 133

8) If multiple rows present, number of teeth on maxillary dental field is: Less than 40
(0); 40 or more (1).
e Modified from [5], character 7

9) If multiple rows of maxillary teeth present, double row of teeth extends far anteriorly
on maxilla: absent (0); present (1).
e Modified from [5], character 11

10) Number of lateral dentary teeth: dentary edentulous (0); 1-9 (1); 10-20 (2); 20-34 (3);
>35 (4)
e Boundaries between states were determined by K means clustering
e In taxa with multiple tooth rows, only the lateral-most row is counted

11) Dentary, number of tooth rows: one (0); two (1); more than two (2)
e [1], character 279

12) Dentary: caniniform teeth absent (0); caniniform region present anteriorly (1); Single
caniniform tooth present anteriorly (2)

e [5], character 56

13) Dentary postcanines: present (0); absent (1).
e [7], character 44



14) Lower precanine number: 0 (0); 1 (1); 2-3 (2); 4 (3); >5 (4)
e Boundaries between states were determined by K means clustering

15) Dental tooth wear: absent (0); present, modest (1); present, saddle-shaped (2); present,
produces cutting ridges (3).
e Modified from [5], character 12
e Character state 3 new

16) Premaxillary tooth proportions: anteriormost tooth approximately same size as other
teeth (0); anteriormost tooth reduced relative to other premaxillary teeth (1);
anteriormost tooth larger than other premaxillary teeth (2).

e Modified from [2], character 289

17) Premaxilliary tooth morphology: relatively straight and conical (0); spatulate (1);
transversely compressed and recurved (2); chisel shaped (3); bulbous and ogival (4),
with broad flattened tip (5); fan shaped (6);

e States drawn from multiple matrices

e State 5 new, representing the unique morphology found in Anomocephalus

e The distinction between spatulate teeth and fan-shaped teeth has not been
robustly defined in previous matrices (it has mostly been used in analyses of
pareiasaurs) beyond representing antero-poserior lengthening of the tooth. A
fan-shaped tooth is here distinguished from a spatulate tooth in the crown
being antero-posteriorly longer than high

18) Location of premaxillary teeth lateral (0), medial (1)
e Modified from [4], character 8

19) Premaxilla, orientation of the tooth series of the occlusal surface of premaxilla in
ventral view: approximately parasagittal (0); strongly transverse and anterior teeth
covering each other in lateral view (1)

e [1], character 43

20) Premaxillary teeth with longitudinal facets or fluting: absent (0); present (1).
e Modified from [8], character 97

21) Procumbant anterior teeth: absent (0); present in the lower jaw only (1); present in
both upper and lower jaws (2); Present in upper jaw only (3)
e Modified from [9], character 29
e Character state 3 new

22) Premaxilliary and anterior dentary teeth possess serrated cutting margins (0); are
smoothly ridged (1).
e Modified from [10], character 100

23) Premaxillary teeth intermesh with anterior dentary teeth: absent (0), present in
anteriormost premaxillary teeth (1), present in all premaxillary teeth (2).



e Modified from [11], character 62

24) Heel/ridge on premaxillary and anterior dentary teeth: absent (0); weak heel (1);
strong heel (heel width 30% or more larger than the base of the tooth apex) (2); ridge
narrowing towards towards the tip (3)

e Modified from [12], character 8

25) Premaxillary fangs: absent (0); present (1).

e Modified from [13], character 66

e Distinct from character 16; premaxillary fang cannot be anteriormost tooth

e Fang cannot be accounted for by a general trend towards larger teeth
posteriorly; fangs have to be exceptionally enlarged tooth/teeth among other
homogenously sized teeth

e Since enlarged anterior dentary tooth/teeth is accounted for by dentary canine
character, dentary fangs are not included, unlike in the original character.

26) Diastema between premaxillary and maxillary teeth: absent (0); present (1)
e [12], character 26

27) Maxilla, canniniform teeth size: less than twice the height of non-canniniform teeth
(0); more than twice the height (1).
e [14], character 35
e Where there are multiple caniniformes, use the largest

28) Maxillary caniniform curvature: straight or slightly recurved (<50°) (0); strongly
recurved (>50°) (1); curves anteriorly (2)
e Modified from [12], character 7
e State 2 new

29) Maxillary caniniform serrations: present (0), absent (1).
e [10], character 106

30) Prominent ridge running vertically along the labial surface of the dominant upper
caniniform tooth: absent (0); present (1).
e Modified from [8], character 101
e The original formulation of this character related to the presence of a deep
groove on the canine and was supposed to represent the morphology observed
in Euchambersia. However, the canine of Euchambersia does not possess a
deep groove, rather a prominent ridge on the labial surface. The earliest
descriptions make this clear both in drawings and text [15-17]. The
assumption that the canine was grooved appears to have derived from a
drawing by Lehman [18] where the shading makes the ridge appear to be a
prominent groove.



31) Lower caniniforms: fits into choana (0); into fossa roofed by premaxilla and maxilla
(1); passes anterior and external to upper canine (2); passes through fossa in skull roof
so is visible dorsally (3).
e Modified from [11], character 66
e State 3 new

32) Upper and lower canines: without heels (0); small heels present (1).
e [11], character 67

33) Postcanine diastema on upper jaw: absent (0), present (1)
e [11], character 68

34) Upper postcanine teeth confluent with premaxillary row medial to canine: absent (0),
present (1).
e [11], character 71

35) Maxilla, posterior extent of lateral dentition: anterior to posterior orbit margin (0);
ventral to postorbital bar (1); posterior to postorbital bar (2); anterior to orbital
midlength (3).

e [14], character 30
e In the absence of a temporal fenestra, the postorbital represents the postorbital
bar

36) Number of maxillary positions ventral to the jugal: Three or less (0); four or more (1)
e [6], character 138

37) Axis of posterior part of maxillary tooth row: directed lateral to subtemporal fossa (0),
directed toward centre of fossa (1), directed toward medial rim of fossa and curved (2)
e [10], character 107

38) Maxilla, secondary enlargement of teeth posterior to canniniforms, if present: absent
(0); present (1).
e [14], character 39

39) Maxilla, non-caniniform tooth morphology: relatively straight and conical (0);
spatulate (1); transversely compressed and recurved (2); chisel shaped (3); bulbous
and ogival (4); molariform, bucco-lingually expanded (5); sectorial with incipient
lingual cingulum (6); sectorial with a well-developed lingual cingulum (7), fan-
shaped (8).

e States drawn from multiple matrices
e See note from character 17 on the distinction between spatulate and fan-
shaped teeth

40) Non caniniform maxillary dentition, recurvature: completely absent (0); at least
slightly recurved (1), strongly recurved, apex approximately 80-90 degrees from
vertical (2).



e Modified from [14], character 41

41) Posterior-most maxillary teeth canted posterolaterally relative to more anterior teeth:
absent (0); present (1)
e Modified from [12], character 6

42) Non-caniniform maxillary teeth located near lateral margin of maxilla (0); located
more medially (1)
e Modified from [4], character 23

43) Posterior dentary teeth: same size as non-caniniform maxillary teeth (0); larger than
non-caniniform maxillary teeth (1); smaller than non-caniniform maxillary teeth (2)
e Modified from [2], character 333

44) Posterior extent of mandibular and maxillary tooth rows: subequal (0); maxillary teeth
extending further posteriorly (1); mandibular teeth extending further posteriorly (2)
e Modified from [1], character 298
e Character state 2 new

45) Non caniniform maxillary and posterior dentary alveolar ridges: straight (0); twisted
(helical), distal teeth inclined laterally (1).
e [14], character 31

46) Serrated carinae on the non-caniniform maxillary and posterior dentary teeth: absent
(0); distinctly present on the mesial margin only (1); distinctly present on the distal
margin only (2); present and distinct on both margins (3)

e Modified from [1], character 304
e Character state 1 new

47) Non-caniniform maxillary teeth: serrated cusps antero-posteriorly orientated relative
to the long axis of the tooth (0); serrations angled anterolingually-posterolabially (1).
e Modified from [12] character 4

48) Non-caniniform maxillary teeth, denticles: density high, 14-24 denticles/mm (0);
denticle density low, <10 serrations/mm (1).
e Modified from [14], character 43
e Taxa without serrations scored as inapplicable

49) Presence of denticles on non-caniniform maxillary and dentary teeth independent of
carinae: absent (0), present (1).
e [14] character 245

50) Non caniniform maxillary teeth, number of apical cusps; one (0); central cusp,
additional labial and lingual cusps poorly developed, represented by shoulders (1);
labial and lingual cusps well developed in addition to central cusp (2); transverse crest
with two cusps (3); transverse crest with more than two cusps (4); two-four cusps



arranged longitudinally (5); five-seven cusps arranged longitudinally (6); more than
seven cusps arranged longitudinally (7); multiple cusps arranged around the edge of
the crown (8)

e States drawn from multiple matrices

e Character state 8 new

51) If present, position of upper transverse cusp row on crown of non-caniniform
maxillary teeth: on anterior half of crown (0); midcrown almost to posterior margin
(1)
e Modified from [10], character 114

52) If transverse row present, central cusp is: absent (0), midway between buccal and
lingual cusps (1), close to labial cusp (2)
e Modified from [10], character 115

53) If multiple cusps arranged longitudinally, is upper posterobuccal accessory cusp:
present (0), absent (1).
e [10], character 118

54) If multiple cusps arranged longitudinally, is upper anterolingual accessory cusp:
absent (0), present (1).
e [10], character 119

55) Where present, upper anterior transverse (cingulum) ridge: low (0), high (1).
e Modified from [10], character 120

56) Cutting ridge on lingual surface of molars: absent (0), present (1).
e [10], character 121

57) Non-caniniform maxillary and dentary teeth orientation: vertical (0); turned lingually
(1); turned labially (2)
e Modified from [2], character 64
e Character state 2 new

58) Dentary: tooth row greater than 50% of total jaw length (0); tooth row less than 50%
of total jaw length (1)
e [2], character 76

59) Teeth present on dorsal surface of dentaries (0); medially displaced, sometimes on a
swelling or shelf (1)
e [4], character 117

60) Lingual cingulum in posterior dentary teeth: absent (0), small (1), well developed (2).
e Modified from [10], character 124

61) If present, cingulum on dentary teeth denticulated: absent (0) or present (1)



e Modified from [4], character 119

62) Anterior dentary teeth: not with distinct shape from rest of tooth row (0); distinct
division in morphology similar to that observed between premaxillary and maxillary
teeth (1); bulbous base giving teardrop-shaped morphology (2); enlarged and
incisiform (3).

e States taken from [4], character 120, and [14], character 33
e Character state 1 new
e Size related heterodonty not included in this.

63) Jaw symphysis terminates in dorsal platform bearing the anterior teeth elevated above
level of posterior dentary ramus (0); Symphyseal region of lower jaw smoothly
rounded and at same level as rest of dentary ramus in lateral view (1), with an
upturned beak that is raised above the level of the dorsal surface of the jaw rami and
has a scooped-out depression on its posterior surface (2), drawn into a sharp, spiky
beak (3), or shovel-shaped beak with a rounded or squared-off edge and a weak
depression on its posterior surface (4).

e Modified from [4], character 121

64) Dentary, canniniform tooth size: less than twice the height of post-canine teeth (0);
more than twice the height (1).
e Modified from [19], character 22

65) Posterior dentary teeth: undifferentiated (0), differentiated into premolariforms and
molariforms (1).

e Modified from [10], character 109

e This differentiation is called “premolariforms and molariforms” for want of
anything better but scoring of character state 1 should not be limited to those
with mammal-like differentiation. The character is intended to indicate any
posterior shape (not size) heterogeneity, and character 112 is used to indicate
the actual morphology

66) Tall, dorsally-convex cutting blade on medial edge of dorsal surface of dentary absent
(0) or present (1)
e [4], character 126

67) Degree of molarization of the largest preserved, midseries dentary cheek teeth: absent
(0); low (mediolateral width:anteroposterior length and mediolateral width:height not
>0.5) (1); high (2)

e [9], character 30

68) Number of lower cusps in transverse row, if present: 1 (0), 2 (1), 3 or more (2)
e [10], character 123

69) Widest lower cusp in transverse row, where present: lingual (0), buccal (1).
e [10], character 127



70) Lower posterior basin: absent (0), present (1).
e [10], character 126

71) Posterior dentary teeth occlusion with upper teeth: single-sided overlap (0); flat
occlusion (1); occlude with palatine (2); maxillary teeth pass into spaces between
dentary teeth (3)

e [1], Character 280
e Character states 2 and 3 new

72) Parasphenoid cultriform process with shagreen (0), with patch of denticles (1), with
denticle row or rows (2), smooth (3).
e [20], character 55

73) Parasphenoid, teeth on ventral plate: present along edges (0); present across width of
plate, forming central denticle field (1); teeth absent from ventral plate (2).
e Modified from [14]

74) Vomerine tooth field: small denticles (0); large conical teeth (1); absent (2)
e Character states taken from [21] character 121 and [20] character 59
e Note, vomerine tooth field is separate from anterolateral field of pterygoid,
which sometimes extends onto the vomer

75) Organisation of vomerine teeth: Single row (0); single row but multiple teeth anterior
to contact with pterygoid (1); multiple rows or field (2)
e Modified from [1], character 187

76) Vomerine fang(s): absent (0); present (1)
e Modified from [22], character 69

77) Palatine dental field: multiple rows with numerous teeth/denticles (0); single row with
four or more teeth (1), single row with less than four teeth (2); restricted to palatine
boss (3); absent (4).

e Modified from [13], character 140

e Note: palatine dental field is separate from anterolateral teeth of pterygoid,
which sometimes extend onto palatine

e Character state 3 new

78) Palatine teeth size: larger than marginal teeth (0); equal to marginal (1); smaller than
marginal (2).
e [2], character 81
e To judge from the original scorings in [2], palatine fangs are included in this,
so this policy is followed here

79) Dentition on palatine boss, if present: extensive (0); elongate single row (1); a few
teeth in a restricted position (2).



e Modified from [7], character 10

80) Presence (0) or absence (1) of fangs on palatine
e [20], character 62

81) Bone texture of the palatine: primarily smooth, without evidence of keratinized
covering (0); relatively smooth but with fine pitting and texturing suggestive of a
keratinized covering (1); rugose and textured (2).

e [4], character 76

82) Ventral surface of pterygoid palatal ramus with radiating, densely spaced low ridges
with denticle rows (0), with radiating sharp ridges with denticles (1), with densely
spaced denticle rows radiating from posterior midlength of palatal ramus (2), with
teeth in two distinct fields, one extending anteriorly, one laterally (3), with a single
tooth field covering the width of the process (4), dense covering of large teeth
forming tooth plates (5); edentulous (6); teeth restricted to medial ridge or boss (7);
with teeth in three distinct fields, one directed anteriorly, one anterolaterally towards
suture with palatine, one laterally towards suture with ectopteygoid (8).

e States drawn from [14], character 122, [20], character 47 and [1], character
195

e Character state 7 and 8 new; note the midline field (T4) is treated separately
from character state 7 (see notes for character 86). State 8 represents condition
seen in Brouffia and Australothyris).

83) Pterygoid, number of rows on palatal process tooth field T2 (laterally extending):
more than two or do not dispose on distinct rows (0); two rows parallel to each other
(2); single row (2)

e Modified from [1] character 196

84) Pterygoid, number of rows on palatal process tooth field T3 (medial): more than two
or not disposed in distinct rows (0); two parallel rows (1); single row (2)
e Modified from [1] character 197

85) Pterygoid, a row of teeth ramus on the medial edge of the anterior ramus (T4) larger
than those the anterior ramus fields: absent (0); present (1)

e Modified from [1], character 199

e The identification in the literature of field T4 appears thus far to have only
been based on comparisons of size and arrangement relative to the T3 field;
there don’t appear to be any archosaurs with T4 but no T3.

e This does not hold for other clades. Some pelycosaurs e.g. Cotylorhynchus,
have uniformly large palatal teeth, with their T3 field forming a single row
along the midline, so in appearance (and potentially functionally) their T3
field is more similar to the T4 field. The plesiomorphic diadectid Orobates has
no teeth on the palatal ramus but a single row of large teeth along the
pterygoid midline. While potentially analogous to the T4 field in archosaurs,
the difficulty is that in more derived diadectids this is reduced to a midline of



denticles, so a distinction of being large and fanglike is not necessarily useful
as far as homology goes.

e Solution: T4 field is defined relative to the T3 field, as previously in the
archosaur literature i.e. this character can only be scored if the T3 field is
present, otherwise should be treated as inapplicable. Character state 7 has been
added to character 83 to represent the condition seen in diadectomorphs and
some therapsids where the only pterygoid teeth are restricted to a midline
ridge or boss (the T4 field in archosaurs is not elevated in such a way)

86) Pterygoid, teeth in anterolaterally oriented field: extends posteromedially to
basicranial area (0); does not extend as far as basicranial area (1)
e Modified from [14], character 122

87) Pterygoid, teeth in anteriorly oriented field: extends anteriorly onto vomer (0); does
not extend onto vomer (1)
e Modified from [20], character 70

88) Pterygoid, teeth in anterolaterally oriented field: extends latterally onto palatine (0);
does not extend onto palatine (1)
e Modified from [20], character 71

89) Pterygoid, teeth in anterolaterally oriented field: extends laterally onto ectopterygoid
(0); does not extend onto ectopterygoid (1)
e Modified from [20], character 72

90) Pterygoid, teeth arranged along posterior margin of ventral surface of pterygoid
flange: present (0); absent (1).
e Modified [14], character 121

91) Pterygoid, teeth on transverse flange: shagreen of very small teeth (0); single row of
large teeth (1); single row of large teeth, with a shagreen of very small teeth anterior
to it (2); Durophagous plate (3)
e Modified from [22], character 71
e Character state 3 new

92) Quadrate flange of pterygoid dentition: absent (0); present (1).
e [22], character 72

93) Dentition on boss of pterygoid, if present: extensive (0); reduced (1).
e Modified from [7], character 13

94) Ectopterygoid field of teeth: present (0); absent (1)
e Multiple matrices
e Note: ectopterygoid dental field is separate from pterygoid tooth field, which
sometimes extend onto ectopterygoid



95) Ectopterygoid teeth organised into row of three or more of teeth: present (0); absent
D).
e Modified from [2], character 284

96) Presence (0) or absence (1) of fangs on ectopterygoid
e [20], character 66

97) Denticle field on posterior coronoid absent (0) or present (1).
e [20], character 121

98) Denticle field on middle coronoid absent (0) or present (1).
e [20], character 120

99) Coronoid dentition, if present, forms organized tooth row: yes (0); no (1)
e Modified from [2], character 328

100) Coronoids: size of teeth on anterior and middle coronoids relative to dentary
tooth size: (0) about the same; (1) half the height or less.
e [2], character 330

101) Separate field of denticles lining the exochoanal margin absent (0) or present
(D).
e Modified from [20], character 73

102) Prearticular dentition absent (0) present (1)
e Modified from [20], character 106

103) Premaxillary tooth size: subequal to non-caniniform maxillary teeth (0); larger
than non-caniniform maxillary teeth (1); Smaller than non-caniniform maxillary teeth
)
e Modified from [11], character 64
e Character state 2 new

104) Posteriormost dentary teeth occlude with the pterygoid teeth: absent (0);
present (1)
e New

o If either are edentulous, score inapplicable

105) Upper caniniform implantation, if present: almost vertical (0); emergent
portion of tooth/teeth points anteriorly (1)
e New
106) Ventral bulging of tooth-bearing portion of maxilla ventrally offsets the

maxillary tooth-row from the posteriormost pre-maxillary tooth: absent (0); present
1)
e Modified from [14]



e Rewording to distinguish the “precanine step” visible in, for example,
sphenacodontids (ventral bulging of maxilla) from taxa where the
premaxillary toothrow is offset by an upturning of the premaxilla, which
sometimes also produces a step in the lateral margin of the upper jaw, but
which causes procumbent premaxillary teeth and is therefore already
incorporated into character 21. Note that the two are not mutually exclusive;
the premaxillary tooth row may be dorsally offset from the maxillary tooth
row both by ventral bulging of the maxilla and an upward turn of the
premaxilla.

107) Premaxillary tooth row displaced ventromedially by downturned premaxilla:
absent (0); present (1)

e Modified from [5]

e Reworded to distinguish between the morphology observed in some
archosaurs and captorhinids (where a downturned premaxilla changes the
orientation of the teeth) and the toothless beak of some anomodonts (where a
sharp ventral projection at the tip of the premaxilla forms the beak that itself
represents the food processing equipment)

108) Diastema separating posteriormost maxillary tooth from those anterior to it:
absent (0); present (1)
e New
109) Heel/ridge on non-caniniform maxillary and posterior dentary teeth: absent

(0); present lingually, weak (1), present lingually, strong (2); present distally on upper
jaw, medially on lower jaw (3); Ridge, narrowing towards the tip (4)
e New
e Characters referring to heeled morphology of the entire tooth-row have been
included in matrices referring to parareptiles (to account for the morphology in
bolosaurids) but have not been included here due to the need to account for the
pattern observed in some therapsids, where precanine and canine can have
combinations heels, but no postcanine teeth with heels are observed.
Therefore, an extra character is added to incorporate presence or absence of
heels on maxillary teeth.
e Character state 3 new represents the unique morphology observed in
Gansurhinus

110) Lower premolar morphology: Conical (0); sectorial, with anterior and
posterior accessory cusps (1); Bulbous (2); Spatulate (3); Molariform (4)
e New
111) Labial parapet on lower jaw: absent (0); low (not projecting higher than the

bases of the cheek teeth (1); tall (as tall as the occlusal surface of the teeth) (2)
e [9]; character 22



112) Anteriormost tooth-bearing portion of the maxilla turns dorsally, so that the
anterior maxillary teeth are directed anteriorly: absent (0); present (1)

e New
113) If maxillary/premaxillary tooth-row offset present due to ventral bulging of
maxilla, caniniform (if present) is posterior to step (0); anterior to step (1)
e New
114) Row of enlarged teeth on lateral margin of palatal process of pterygoid: absent
(0); present (1)
e New

Supplementary Dataset 2
Source Trees for supertree

Backbone: [2]

Seymouriamorpha: [20]
Diadectomorpha: [23]

Stem Eureptiles: [21,24-26]
Archosauromorpha: [1,27,28]
Lepidosauromorpha: [29]
‘Euryapsids’: [6,13,30,31]
Parareptilia: [32-38]
‘Pelycosaurs’: [14,39-43]
Therapsida: [4,7,8,11,12,19,44,45]

Microsauria: [46,47]
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Supplementary Figure 1: Dental disparity of faunivorous (red) and herbivorous (blue)
amniotes, obtained analysing the supertree based on the backbone relationships of Ford &
Benson [48]. Each line represents Each thin line represents results from one stochastic map
used to assign a diet to each branch in one selected tree from the Bayesian posterior
distribution.
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Supplementary Figure 2: Rates of dental evolution of faunivore (red) and herbivorous (blue)
amniotes, obtained analysing the supertree based on the backbone relationships of Ford &
Benson [48]. Thin lines represent rates inferred from the maximum clade credibility tree.
Each thin line represents results from one stochastic map used to assign a diet to each branch.
The thick lines represent Loess fitted regression curves.
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