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The amniote clade Parareptilia is notable in that members of the clade exhibited

a wide array of morphologies, were successful in a variety of ecological niches

and survived the end-Permian mass extinction. In order to better understand

how mass extinction events can affect clades that survive them, we investigate

both the species richness and morphological diversity (disparity) of parareptiles

over the course of their history. Furthermore, we examine our observations in

the context of other metazoan clades, in order to identify post-extinction survi-

vorship patterns that are present in the clade. The results of our study indicate

that there was an early increase in parareptilian disparity, which then fluctuated

over the course of the Permian, before it eventually declined sharply towards the

end of the Permian and into the Triassic, corresponding with the end-Permian

mass extinction event. Interestingly, this is a different trend to what is observed

regarding parareptile richness, that shows an almost continuous increase until

its overall peak at the end of the Late Permian. Moreover, richness did not

experience the same sharp drop at the end of the Permian, reaching a plateau

until the Anisian, before dropping sharply and remaining low, with the clade

going extinct at the end of the Triassic. This observed pattern is likely to be

due to the fact that, despite the extinction of several morphologically distinct

parareptile clades, the procolophonoids, one of the largest parareptilian

clades, were diversifying across the Permian–Triassic boundary. With the

clade’s low levels of disparity and eventually declining species richness, this pat-

tern most resembles a ‘dead clade walking’ pattern.
1. Introduction
Parareptilia was one of the major clades of amniotes that was prevalent during

the Permian and Triassic, representing an important component of continental

ecosystems during this time frame and occupying numerous ecological niches.

Parareptiles are particularly interesting in that they survived the end-Permian

mass extinction event, but not the subsequent end-Triassic mass extinction

event. There are several potential types of evolutionary scenarios illustrating

how the survivors react in the aftermath of a mass extinction. Four prevalent

post-mass-extinction patterns that were identified by Jablonski [1] are as

follows: (i) decline and recovery, (ii) post-extinction adaptive radiation,

(iii) unbroken continuity, and (iv) dead clade walking. These patterns, although

frequently cited in studies of invertebrates, have rarely been examined in the con-

text of terrestrial vertebrates, and parareptiles represent an ideal candidate for this.

Parareptiles are considered to be characterized by a better fossil record than

many of their contemporaries, reflected in part by a consistently high mean com-

pleteness of fossil parareptile taxa in contrast with other coeval tetrapod clades

[2]. The earliest known member is Erpetonyx arsenaultorum from the Late Carbon-

iferous of Laurasia [3]. Currently, this taxon represents the only parareptile of

Carboniferous age, limiting our knowledge of the group during this period.

During the early Permian numerous parareptile lineages appeared and the
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clade became a notable component of various localities [4,5],

and by the late Permian, the clade achieved considerable

species richness and a cosmopolitan distribution [6]. However,

the end-Permian mass extinction caused the disappearance of

most parareptilian lineages, with only one clade, Procolopho-

noidea, surviving into the Mesozoic [7]. Despite the extinction

of all other parareptilian clades, procolophonoids were

very successful during the Triassic and were an important

component of the post-extinction recovery fauna [8,9].

Parareptiles exhibit a wide array of morphologies and

were successful in numerous different ecological niches.

Known morphologies within the clade vary dramatically, ran-

ging from smaller, superficially lizard-like forms, to large,

armoured herbivores. The earliest parareptiles from the late

Carboniferous and early Permian included small, carnivorous

forms, such as the bolosaurian Erpetonyx, lanthanosuchoids

and nyctiphruretids [3,5,10–13], as well as the secondarily

aquatic mesosaurs, which exhibit numerous adaptations for

life away from terrestrial environments [4,14–16]. The

middle Permian saw the appearance of semi-aquatic lantha-

nosuchoids with anamniote-like features [17], the small,

predatory millerettids [18], the enigmatic nycteroleters,

which exhibited a true tympanic middle ear [19,20], and the

large, herbivorous and often armoured pareiasaurs [21,22].

Lastly, the procolophonoids, many of which are characterized

by distinctive skull ornamentation and specializations for her-

bivory [7,23,24], first appear in the late Permian [7,25].

Overall, it is quite clear that the evolutionary history of Para-

reptilia is characterized by considerable experimentation and

the appearance of numerous distinct morphologies (figure 1).

Previously, there has been little attention given to quanti-

fying parareptile species richness and especially disparity,

despite the importance of the clade as a major component

of Permian continental ecosystems. Disparity can allow us

to infer details regarding how clades change over time, as

well as how they are affected by extinction events. The

most prominent study of parareptile richness was undertaken

by Ruta et al. [26], focusing on taxic and phylogenetic rich-

ness estimates as well as origination and extinction rates of

the clade. Currently, there has only been one study quantify-

ing parareptile disparity [29], and in this case, only a single

parareptile clade (Procolophonoidea) was investigated.

However, despite being acknowledged as a morphologically

diverse clade, there has yet to be any attempt to quantify the

morphological disparity of Parareptilia as a whole. Further-

more, there have been few studies of terrestrial vertebrates

that have examined and applied Jablonski’s post-mass-extinc-

tion scenarios [1]. This study aims to rectify these gaps in our

knowledge by investigating and quantifying the diverse array

of parareptile morphologies that were present using modern

statistical analyses of disparity, allowing us to compare para-

reptile phylogenetically estimated species richness with their

morphological diversity (disparity) during the Palaeozoic

and into the Mesozoic. We also compare the disparity patterns

identified in parareptiles with those of other metazoan clades

that have passed through mass extinction events.
2. Material and methods
(a) Time bins
For all of our analyses, we used stratigraphic stages as our time

bins. These were not combined or split up into smaller bins.
The use of time bins of the same length is generally not con-

sidered practical with regard to parareptiles, due to the

patchiness of their fossil record and the uncertainty surrounding

the ages of many formations [26]. Parareptile taxa were placed in

time bins based upon age data available in the literature. We

attempted to be as accurate as possible, and in most cases the

ages of taxa were based on the age range of the formation or

stage they were found in (see electronic supplementary material,

table S1), but more precise absolute age data were also used

when available [30,31].

(b) Analysis of parareptile species richness
A phylogenetic richness estimate (incorporating ghost lineages)

was used in lieu of a taxic richness estimate (raw counts of

species observed) to examine overall parareptilian species rich-

ness. Although a Lagerstätten effect was not apparent in the

analysis of parareptilian fossil completeness [2], taxonomic rich-

ness can be influenced by sampling biases resulting from highly

productive regions [26]. In the case of parareptiles, this poten-

tially includes areas such as the Karoo Basin in South Africa,

and the Richards Spur locality in Oklahoma, USA. The species

richness of parareptiles was calculated using an approach similar

to that of Ruta et al. [26]. For their analysis of parareptilian rich-

ness, they used a supertree based on Tsuji & Müller [27], which

they then modified by grafting on several parareptile taxa, that

were not included in the previous analysis, based on the results

of other parareptile studies.

We further modified the supertree of Ruta et al. [26] with the

addition of several more parareptile taxa (electronic supplemen-

tary material, figure S1), which were grafted onto the tree based

on their positions in recent phylogenetic analyses of Parareptilia.

Furthermore, the positions of some of the previously included

taxa were also modified based on recent analyses [3,5,13,28,32–

34]. The taxa that were added were as follows: E. arsenaultorum
[3], Delorhynchus priscus and Delorhynchus cifellii [32,35], Abys-
somedon williamsi [13], Feeserpeton oklahomensis [12], Phonodus
dutoitorum [36], Ruhuhuaria reiszi [37], Mandaphon nadra [34],

Obirkovia gladiator [38], Contritosaurus simus [39] and Honania
complicidentata [33]. Sanchuansaurus pygmaeus is removed and

replaced with Shansisaurus xuecunensis, as the former is now con-

sidered a junior synonym of the latter [40]. Tokosaurus perforatus
was also removed, as it is considered to be a junior synonym

of Macroleter poezicus [20]. Lastly, due to the recent studies that

suggest that Eunotosaurus africanus falls within Eureptilia

[41,42], it was removed from the tree.

This analysis was conducted in the statistical software R

using the packages paleotree [43] and geoscale [44].

(c) Analysis of parareptile disparity
The data matrix of MacDougall et al. [28] was used in order to

examine parareptilian disparity through the Palaeozoic and

into the Mesozoic, as it is one of the most up-to-date matrices

of the clade currently available and, furthermore, it includes

representatives of all major parareptilian clades. The matrix

was modified by the addition of several procolophonoid pararep-

tiles so that the Triassic disparity of the clade could be better

quantified. The added taxa were as follows: R. reiszi, Sclerosaurus
armatus, Hypsognathus fenneri, Leptopleuron lacertinum and Anom-
oiodon liliensterni. The updated data matrix and character list

can be found in electronic supplementary material, appendix S1.

The first part of our disparity analysis involved the recon-

struction of ancestral taxa. Ancestral character states were

estimated at each node in the phylogeny using the likelihood-

based rerooting function of the R package Claddis. This is a pro-

cedure that was first suggested by Brusatte et al. [45]. The

ancestral character values were then bound with the original

data matrix. Next, we produced a morphological distance
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Figure 1. Simplified version of the stratigraphically calibrated parareptile supertree (modified from the phylogenies of: Ruta et al. [26], Tsuji & Müller [27] and
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matrix for use in the analysis, calculating distances between all

pairwise combination of tips and reconstructed ancestors. The

distance measure used to calculate the morphological distances

between taxa was the maximum observable rescaled distance,

as this method has been shown to be more suitable for datasets

with large amounts of missing data [46]. The distance matrix

was subsequently subjected to a principal coordinate analysis

(PCoA). The disparity in each time bin was then calculated

as the sum of variances and the sum of ranges of the PCo

coefficients of each taxon found in that time bin.

To account for different sample sizes between the different

time bins, the dataset was subjected to taxonomic bootstrapping:

five taxa were sampled with replacement in each time bin in

which there was more than a single taxon.

To quantify the shape of the disparity curves through time,

we calculated their centre of gravity (CG). Hughes et al. [47] pre-

sented a method of rescaling the CG of a time series, so that the

values lay between 0 and 1. A CG value of 0 indicates a ‘bottom

heavy’ disparity curve (disparity concentrated early in the his-

tory of the clade), a value of 1 indicates a ‘top heavy’ disparity

curve (peak disparity not reached until late in the clade’s history)

and a value of 0.5 indicates a symmetrical curve. The CG of all

1000 bootstrap disparity curves, produced using both sum of

variances and sum of ranges, was calculated in R using the

equations presented in Hughes et al. [47]. For each curve, CG

value was calculated for the Permian only and the complete

time series.

This analysis was conducted in the statistical software R

using the packages Claddis [46], phytools [48] and geoscale [44].
3. Results
(a) Species richness through time
The result of the phylogenetic richness estimate (figure 2)

shows that overall parareptilian species richness increased
steadily during the late Palaeozoic. After the clade appeared

in the Late Carboniferous, parareptile species richness

increased rapidly during the Artinskian with the appearances

of the major clades Lanthanosuchoidea, Nyctiphruretidae

and Bolosauridae. Thereafter, parareptilian richness generally

continued to increase, with a second peak occurring in the

Capitanian, corresponding with the appearance of the clade

Pareiasauridae and a third in the Changhsingian, that corre-

sponds with the appearance of the parareptile clades

Nycteroleteridae and Procolophonoidea. There is a decline

in parareptilian richness of about 25% across the Permian–

Triassic boundary and into the Induan, but this decrease pla-

teaus during the Middle Triassic. However, after this plateau,

parareptile richness steadily declines, reaching very low

levels. This low richness is maintained for the remainder of

the Triassic, until the extinction of the clade during the

Rhaetian.
(b) Morphological disparity through time
The patterns observed in the analyses of disparity are similar

when using either the sum of variances or the sum of ranges

to calculate disparity; however, there are some slight differ-

ences between the two. Overall, the pattern that is observed

for both analyses (figure 2) is that there was an early peak

in parareptilian disparity during the early Permian (Artins-

kian). Parareptilian disparity fluctuates for the remainder of

the Permian with a series of troughs and peaks. After the

Wuchiapingian parareptilian disparity declined sharply

towards the end of the Permian and into the Triassic, with

Induan disparity being very low. During the Anisian, there

is a brief spike in disparity, before the disparity of the clade

fell to its lowest levels during the Late Triassic.
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The centres of gravity calculated for both disparity curves

(electronic supplementary material, figure S2) are very simi-

lar, which is expected, given the similar shape of the two

curves. The centres of gravity indicate that the overall pattern

of disparity observed in parareptiles is bottom heavy, mean-

ing that the disparity of the clade is concentrated earlier in

their evolutionary history. When looking at just the Permian,

the centres of gravity indicate that the pattern of disparity

was slightly top heavy.
4. Discussion
(a) Parareptile disparity patterns in the context of other

metazoan clades
Parareptiles are just one of many metazoan clades that have

passed through a mass extinction event, thus it is worth

comparing the patterns we find in our study with the
evolutionary patterns that have been identified in other

groups. In recent years, there have been several studies inves-

tigating the disparity of various metazoan clades and the

effects that mass extinctions have had on these groups. Inter-

estingly, while there are some similarities, many of these

groups have disparity patterns that are distinct from what

we observe in parareptiles.

While it is difficult to summarize and neatly fit all of the

disparity patterns that have been observed in the fossil record

into distinct categories, there are some patterns that are

particularly prevalent. These various patterns are as follows:

(1) Decline and recovery (continuity with setbacks of

Jablonski [1]): the disparity of a clade is dramatically

reduced by a mass extinction event; however, after the

event, the clade rebounds and a rapid increase in

disparity is observed, often reaching or surpassing pre-

mass extinction event levels. This particular pattern has

been observed in graptoloids across the end-Ordovician
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mass extinction event [49], in crinoid echinoderms [50–

52] and ammonoids [53,54] across the end-Permian

mass extinction event, as well as in therian mammals,

on the basis of molar shape, across the end-Cretaceous

extinction event [55].

(2) Post-extinction adaptive radiation (unbridled diversifica-

tion of Jablonski [1]): the disparity of a clade is low

prior to a mass extinction event, and then immediately

after the extinction event disparity rapidly increases.

This pattern has been identified in blastoid echinoderms

across the end-Ordovician mass extinction event [56],

archosauromorphs across the end-Permian mass extinc-

tion event [57] and acanthomorph teleosts across the

end-Cretaceous mass extinction [58]. This pattern is

usually attributed to the clade radiating to fill new areas

of ecospace left empty by the mass extinction.

(3) Unbroken continuity [1]: the disparity of a clade is not

dramatically affected by a mass extinction event, with dis-

parity levels being only slightly reduced (and rather

continuously throughout the clade’s history) or not at

all (sometimes even rising across the event). This pattern

has been observed in anomodont [59] and cynodont [60]

synapsids across the end-Permian mass extinction event,

as well as shark tooth disparity across the end-Cretaceous

mass extinction event [61].

(4) Dead clade walking [1]: overall, as has been observed in

other metazoan clades, there are several distinct patterns

regarding how disparity is affected by mass extinction

events. Interestingly, the pattern we see in parareptiles

is different in some ways from what is observed in

these other clades, though not unique [1,62].

Our results indicate that parareptile disparity was dra-

matically affected by the end-Permian mass extinction

event, in a similar manner to graptoloids [49], crinoids [52]

and therian mammals [55] in other events. However, follow-

ing the end-Permian mass extinction, parareptile disparity

remained very low for most of the Triassic. This is distinct

from the patterns observed in clades that passed through

an extinction event and had dramatic reductions in disparity,

but later showed recoveries. Furthermore, unlike graptoloids

[49], crinoids [52], archosauromorphs [57], therian mammals

[55] and acanthomorphs [58], it is apparent that parareptiles

were not entering a phase of rapidly and continuously

increasing disparity after the extinction event. Instead, para-

reptile disparity experienced a brief rebound followed by a

second period of decline that eventually lead to the clade’s

extinction at the end of the Triassic, a stark contrast to

many of the aforementioned clades.

Strictly in the context of disparity, this pattern resembles

the ‘dead clade walking’ pattern of Jablonski [1,62]. While

there is a very brief rebound in disparity early in the Triassic,

Triassic disparity levels are overall very low and are never

maintained at a high level. This lack of a maintained increase

in disparity and the eventual extinction of parareptiles could

potentially have been due to competition with the archosaur-

omorphs that were rapidly diversifying taxonomically and

morphologically in the same time frame [57].

Furthermore, as indicated by the obtained low centres of

gravity (electronic supplementary material, figure S2), para-

reptiles exhibit a bottom heavy pattern of disparity, with

their highest levels of disparity being concentrated earlier in

their evolutionary history. This is a similar pattern to what
is observed in other, coeval clades such as anomodonts

[59], and is in general a trend for metazoan clades [47,63].

However, it is in contrast with the contemporaneous reptile

clade, Captorhinidae, which has been shown to be top

heavy with regard to disparity, reflecting the adaptive radi-

ation of the herbivorous members of the clade [64].

(b) Parareptile species richness during the Palaeozoic
and Mesozoic

Species richness patterns of parareptiles have been investi-

gated and discussed to some degree in past studies;

however, much of this research has been based on the

known fossil record, with few attempts to correct for

sampling biases. The first large-scale study of the richness

of Parareptilia using phylogeny in correcting the estimates

was undertaken by Ruta et al. [26]. Their study recovered

an overall peak in the Wuchiapingian (raw richness) and

Wordian (phylogenetically corrected richness), respectively,

and an additional Triassic peak in the Olenekian as well as

a minor high in the Norian. The results of their study further

indicate that parareptilian richness during the Permian is not

considerably higher than during the Triassic, suggesting that

the clade was not as heavily affected by the end-Permian

mass extinction as some other tetrapod groups. More

recently, Verrière et al. [2] investigated the quality of the

fossil record of parareptiles by assessing the completeness

of parareptile taxa and compared their results with an up-

to-date but raw (phylogenetically uncorrected) generic rich-

ness of the clade. The richness curve is generally very

similar to the taxic richness curve of Ruta et al. [26]; however,

it has the additional observation of a richness low in the

Kungurian.

The differences between our results and those of Ruta

et al. [26] are most likely to be the result of the enormous

increase in our knowledge of Parareptilia over the last several

years. There have been numerous new parareptile taxa

described since their study was published, and the inter-

relationships of some of the major parareptilian clades have

been updated in recent phylogenetic analyses [3,28]. Further-

more, there have been updates to the ages of the stratigraphic

stages during the Palaeozoic [65], which altered the stage

some taxa appear in.

(c) Contrasts between parareptilian species richness and
disparity

The results of our study show that while there are similarities

between parareptile species richness and disparity patterns,

there are also clear differences. The overall pattern observed

is that large declines in richness always correspond with

large drops in disparity; however, increases in richness do

not necessarily always accompany increases in disparity

(figure 3). One of the most notable changes in richness and

disparity is during the transition from the Permian to the

Triassic. While parareptile richness did suffer a large decline

as a result of the end-Permian mass extinction event, this

decline was arrested for the rest of the Early Triassic, with

the richness of the clade stabilizing at around 3/4 of its

former level, and does not continue to decline until later in

the Middle Triassic. By contrast, parareptilian disparity

declined sharply during the late Permian and into the Triassic

with no interruptions, resulting in Induan levels of disparity



0.15

0.10

0.05

–0.05

ch
an

ge
 in

 d
is

pa
ri

ty

0

–0.10

–15 –10

8
2

6

9 11 3

7

5

10

1

4

–5 0
change in richness

5 10

Figure 3. Plot illustrating the relationship between changes in species rich-
ness and changes in disparity over the course of parareptilian evolution. Each
point represents the change observed between two stratigraphic stages; the
point labels are as follows: 1, Sakmarian – Artinskian; 2, Artinskian – Kungur-
ian; 3, Kungurian – Roadian; 4, Roadian – Wordian; 5, Wordian – Capitanian; 6,
Capitanian – Wuchiapingian; 7, Wuchiapingian – Changhsingian; 8, Changhsin-
gian – Induan; 9, Induan – Olenekian; 10, Olenekian – Anisian; 11, Carnian –
Norian. Some changes between stages could not be investigated due to
disparity not being known for stages that contain only a single taxon.

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20182572

6

being very low. This post-Permian difference between the

two metrics was clearly the result of the diversification of

procolophonoids during this period of time. Despite the

extinction of several morphologically distinct parareptile

clades at the end of the Permian, the Procolophonoidea,

one of the most speciose parareptilian clades [29], was diver-

sifying in terms of species richness at the same time [66].

However, the clade was rather morphologically conservative,

being restricted to small, superficially lizard-like insectivores

and herbivores, which potentially accounts for the low levels

of disparity that are observed.

As discussed by Jablonski [1], there are numerous extrin-

sic and intrinsic factors that can determine how a clade is

affected by mass extinction events. In the case of parareptiles,

when looking at the differences between their disparity and

species richness patterns, it is clear that multiple divergent

factors are coming into play. While disparity levels are heav-

ily affected by the end-Permian mass extinction event,

richness is not, and in fact there is actually a substantial diver-

sification of procolophonoid parareptiles during the Early

and Middle Triassic [66]. When considering both disparity

and richness of Parareptilia, it is clear that procolophonoids

are diversifying through the end-Permian mass extinction
event and become very speciose early in the Triassic [66],

yet they are quite restricted in the niches that they occupy

and do not enter any others. Furthermore, Jablonski notes

that species richness is not necessarily the best indicator of

how a clade is affected by an extinction event [1]. Thus,

when both richness and disparity are examined, it is reason-

able to ascribe the ‘dead clade walking’ pattern to

Parareptilia.
5. Conclusion
Morphological disparity is an aspect of vertebrate evolution

that in recent years has been frequently investigated for var-

ious groups by palaeontologists. However, in the case of

parareptiles, disparity is an aspect of the clade’s evolution

that has been largely ignored, despite its importance in

understanding the evolutionary history of a clade. Thus, we

examined both the phylogenetic estimated species richness

and the morphological disparity of Parareptilia. Our results

indicate that the richness of parareptiles increased through-

out the Late Palaeozoic and reached its highest point at the

end of the Permian. There was a decline in richness immedi-

ately after the end-Permian mass extinction event, but it

plateaued at roughly 3/4 of its former amount. However, it

sharply declined during the Middle Triassic, with the clade

going extinct by the end of the Triassic. Likewise, our results

show that the morphological disparity of the clade also

reached its highest peak during the Permian, but it sharply

declined to very low levels through the late Permian and

the end-Permian mass extinction event. The differences

between the two metrics are the result of the disappearance

of most major parareptile clades during the mass extinction

event, and the diversification of procolophonoid parareptiles

in the same time frame. Thus, despite a decline in overall dis-

parity and niche occupation, richness of the clade was at first

not dramatically affected, though the clade eventually goes

extinct by the end of the Triassic. Overall, the ‘dead clade

walking’ pattern best characterizes the pattern observed in

parareptiles.
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