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Biogeography of Triassic tetrapods:
evidence for provincialism and driven
sympatric cladogenesis in the early
evolution of modern tetrapod lineages

Martin D. Ezcurra*
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‘Bernardino Rivadavia’, Avenue Angel Gallardo 470, C1405DJR Buenos Aires, Argentina

Triassic tetrapods are of key importance in understanding their evolutionary history, because several tetra-
pod clades, including most of their modern lineages, first appeared or experienced their initial
evolutionary radiation during this Period. In order to test previous palacobiogeographical hypotheses
of Triassic tetrapod faunas, tree reconciliation analyses (TRA) were performed with the aim of recovering
biogeographical patterns based on phylogenetic signals provided by a composite tree of Middle and Late
Triassic tetrapods. The TRA found significant evidence for the presence of different palaecobiogeographi-
cal patterns during the analysed time spans. First, a Pangaean distribution is observed during the Middle
Triassic, in which several cosmopolitan tetrapod groups are found. During the early Late Triassic a
strongly palaeolatitudinally influenced pattern is recovered, with some tetrapod lineages restricted to
palaeolatitudinal belts. During the latest Triassic, Gondwanan territories were more closely related to
each other than to Laurasian ones, with a distinct tetrapod fauna at low palaeolatitudes. Finally, more
than 75 per cent of the cladogenetic events recorded in the tetrapod phylogeny occurred as sympatric
splits or within-area vicariance, indicating that evolutionary processes at the regional level were the
main drivers in the radiation of Middle and Late Triassic tetrapods and the early evolution of several
modern tetrapod lineages.
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1. INTRODUCTION

The Triassic Period (251-201.6 Myr ago; Walker &
Geissman 2009) was a key time span in the evolutionary
history of tetrapods, which encompassed the origin of a
variety of new clades (e.g. parasuchians, rauisuchians,
aetosaurs, pterosaurs), as well as the early radiation of
many extant lineages (e.g. lissamphibians, testudinates,
squamates, mammaliamorphs, crocodylomorphs, dino-
saurs; Bonaparte 1982; Benton 1983; Colbert 1984;
Gaffney 1986; Bonaparte er al. 2003; Evans 2003;
Brusatte et al. 2008; Marjanovic & Laurin 2008).
During the Permian, the continental tetrapod faunas
were dominated by basal synapsids, but after the
Permo-Triassic extinction event eucynodontians and
archosauromorphs assumed a major role in terrestrial
vertebrate communities (Bakker 1977; Bonaparte 1982;
Benton 1983; Colbert 1984). This faunal replacement
culminated with the numerical abundance of dinosaurs
in latest Triassic times, a dominance almost unchallenged
during the following 135 Myr.

All modern continents coalesced into the superconti-
nent of Pangaea during the Triassic, with few physical
barriers for biotic dispersal among terrestrial tetrapods
(Shubin & Sues 1991; Blakey 2006; Golonka 2007),
a unique palaeogeographical pattern during the
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evolutionary history of the group. Initial palacobiogeogra-
phical studies of Triassic tetrapods argued for a uniform
and cosmopolitan fauna (Colbert 1973; Cracraft 1974),
but more recent studies have begun to recognize provinci-
alism and palaeolatitudinal variation in their distribution
(Tucker & Benton 1982; Benton 1983; Shubin & Sues
1991; Ezcurra 2006; Irmis et al. 2007; Nesbitt er al.
2007). The latter is in accordance with palaeolatitudinal
distinction between the macrofloras of Laurasia (North
America, Europe, Asia) and Gondwana (South America,
Africa, Antarctica, Madagascar, India, Australia), with a
dominance of cyacodophytes, conifers and bennettita-
leans in the north and a corystospermacean-dominated
Dicroidium-flora in the south (Meyen 1987; Dobruskina
1993).

A historical cladistic biogeographical study based on a
‘tree reconciliation analysis’ (TRA) of Tetrapoda has been
performed here in order to unveil the relationships
between the main Middle and Late Triassic tetrapod-
bearing assemblages based on vicariant biogeographical
signals. A wealth of novel phylogenetic information for
most of the Triassic tetrapod groups has come to light
in recent years, and a quantitative analysis that incorpor-
ates this avalanche of new data will provide a test of
previous hypotheses of biogeographical provincialisms
and palaeolatitudinal distinctions among the tetrapod
faunas of this time span (Page 1988, 1990, 1993,
1994a,b; Page & Charleston 1998; Hunn & Upchurch
2001). The reconstruction of the geographical area
relationships and reconciliation analyses based on tetrapod
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Figure 1. Composite trees of Middle (grey) and Late Triassic (black) tetrapods employed in the TRA analyses. The geographi-
cal procedence and reptile age (LLate Triassic) are detailed in each terminal. For abbreviations see the electronic supplementary

material, S1.

phylogenies can provide new information of the evolution
of the clades which appeared during the Triassic, including
the early radiation of modern tetrapod lineages.

2. MATERIAL AND METHODS

In order to perform the TRA (see Page 1988, 1994aq;
Hunn & Upchurch 2001; Upchurch ez al. 2002, among
others, for a detailed discussion of the method), a composite
tree comprised of 209 Middle and Late Triassic tetrapod taxa
was constructed by combining the topologies of several
cladistic analyses (see the electronic supplementary material,
S2; figure 1). The search of the optimal area cladograms
(OACs) was conducted in CoMPONENT 2.0 (Page 1993; see
the electronic supplementary material, S5) and the time-sli-
cing protocol described by Upchurch er al. (2002) was
employed for three time frames: Middle Triassic,
Ischigualastian (early Late Triassic) and Coloradian (late
Late Triassic; see the electronic supplementary material,
S3). Seven geographical areas were considered in the

Proc. R. Soc. B (2010)

analyses—western Argentina (Ischigualasto-Villa Unidn/
Cuyo Basins), southern Brazil (Santa Maria Supersequence),
meridional Africa, Asia, Europe and North America—but
Asia and Africa were not included among the Late Triassic
and Ischigualastian assemblages, respectively, because of
the low number of tetrapods included in numerical
phylogenetic analyses known from these areas.
Reconstructions of biogeographical events and randomiz-
ation tests, which determines the probability that the
observed biogeographical pattern could have occurred only
by chance (Page 1994a, 1995), were conducted for each
time slice in TREEMAP 1.0 (Page 1995; see the electronic sup-
plementary material, S6). In order to evaluate
palaeolatitudinal patterns in the recovered OACs, the con-
tinuous character ‘palaeolatitude’ was optimized following a
maximum parsimony criterion on these cladograms using
TNT 1.1 (Goloboff er al. 2008) and a palaeolatitudinal
consistency index (PItCI) was calculated. A stronger palaco-
latitudinal signal in the reconstructed OAC is indicated as the
PItCI is closer to 1, in which the strongest palaeolatitudinal
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Figure 2. Recovered cladograms of optimized geographical areas (left), events reconstructed by the TRA (center) and histo-
grams depicting the frequency of the randomized trees (right) for the (a) Middle Triassic, (b) Ischigualastian and (c¢)
Coloradian time slices. In the events reconstructed by the TRA (center) the dark grey areas represent the actual number of
recovered events and the light green areas the ratio of biogeographical/cladogenetic events multiplied by 100. The arrows in
the histograms represent the number of codivergences recovered for this time slice. Abbreviations: DI, ‘dispersals’ (taxon
shift, probably owing to sampling bias in the fossil record); EX, extinctions; Ischi, Ischigualasto; SS, sympatric splits; VI,

vicariances.

Table 1. Results of palacobiogeographical analyses. (The recovered topology of the OACs are detailed in parenthetical
notation for each time slice. SSf refers to the frequency of sympatric splitting events over the total of cladogenetic events
present in the taxon cladogram. PItClI is the consistency index of the character ‘palaeolatitude’ optimized on the OACs.)

time slice optimal area cladogram topology SSf PItCI p-value
Middle Triassic (dS,SM),(AF,(AS,(EU,(NA,IN))))) 0.82 0.684 0.0419
Ischigualastian (NA,((IN,EU),(SM,IS))) 0.76 1.000 0.0266
Coloradian (NA,(EU,((OIN,SM),(AF,IS)))) 0.80 0.692 0.0123

signal is observed in a character without homoplasies (see
Kluge & Farris 1969; see the electronic supplementary
material, S8).

3. RESULTS AND DISCUSSION

The TRAs of Middle and Late Triassic tetrapods recov-
ered one OAC for each time slice, all of which are
statistically significant judging by the randomization
tests (p < 0.05; figure 2c.f,i,/ and table 1), indicating
that the biogeographical patterns of these time frames
are highly unlikely to have occurred solely by chance.

Proc. R. Soc. B (2010)

(a) Middle Triassic tetrapod palaeobiogeography

The TRA of the Middle Triassic time slice found an OAC
which does not recover a palacobiogeographical distinc-
tion between Gondwanan and Laurasian territories
(figure 2a). In this regard, India was found as the sister-
area of North America and Africa as closer to India and
northern landmasses (Asia, Europe, North America)
than to other Gondwanan assemblages (i.e. Ischigual-
asto-Cuyo and Santa Maria areas). No clear
palaeolatitudinal signal is observed (P1tCI = 0.684, see
table 1), resembling the results of Shubin & Sues (1991;
figure 3). The grouping composed of India and northern
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Figure 3. Palaeogeographical reconstructions of the (a) Middle Triassic and (b) Late Triassic indicating the geographical areas
analysed here. (¢) OACs calibrated to the palaeolatitude ((a,b) redrawn from Blakey 2006) and PltCIs. Abbreviations as in

figure 2.

landmasses seems to be characterized by tanystropheid
archosauromorphs and leptopleuronin procolophonids.
By contrast, several tetrapod clades are only present at
high palaeolatitudes (i.e. Africa and South America),
such as proterochampsid archosauriforms, probainog-
nathian and cynognathian cynodonts, kannemeyerioid
dicynodonts and chigutisaurid temnospondyls.

The recovery of a polyphyletic ‘Gondwana’ suggests
that no efficient climatic or geographical barrier for the
southern—northern interchange of continental tetrapods
was present during this time span, as previously indicated
by Shubin & Sues (1991). The latter is supported by the
presence of several clades depicting a cosmopolitan distri-
bution during the Middle Triassic, such as rauisuchian
crurotarsans, erythrosuchid archosauriforms, rhyncho-
saur archosauromorphs, shansiodontid dicynodonts,
procolophonid parareptiles and capitosauroid temnos-
pondyls (figure 1). Accordingly, although a fully
cosmopolitan distribution for terrestrial tetrapods was
not recovered for the Middle Triassic, contrasting with
Shubin & Sues (1991), the OAC suggests a Pangaean
distribution (allowing southern—northern biotic inter-
change) with poor palaeolatitudinal distinctions for
terrestrial tetrapods during this time. This is a robust
signal, because despite a probable poor sampling we can
recognize widespread groups, and greater sampling will
probably confirm that other groups were cosmopolitan
as well.

(b) Ischigualastian Late Triassic tetrapod
palaeobiogeography

The Ischigualastian OAC does not find a distinction
between Gondwanan and Laurasian territories, with the
grouping of Europe and India as the sister clade of
South American assemblages (figure 2d). However,
the OAC exhibits a clear palaeolatitudinal grouping

Proc. R. Soc. B (2010)

(P1tCI = 1.000), with territories situated at roughly the
same palaeolatitude found as sister Santa
Maria + Ischigualasto (approx. 45°) and India + Europe
(approx. 30°; sensu Scotese 2001; Blakey 2006; figure 3
and table 1). North America, which was situated at a
low palaeolatitude during the early Late Triassic
(approx. 10°; Blakey 2006), is found as the sister area
of all the other assemblages. This palacobiogeographical
pattern is based on the presence of tetrapod faunas
with conspicuous palaeolatitudinal distinctions during
Ischigualastian times. In this regard, a tetrapod fauna
of high palaeolatitudes (approx. 45°; Ischigualasto and
Santa Maria) can be characterized by the presence of
guaibasaurid and herrerasaurid dinosaurs, the aetosaur
Aetosauroides, proterochampsid archosauriforms, basal
species of the rhynchosaur genus Hyperodapedon and
probainognathian cynodonts. A fauna of middle palaeolati-
tudes (30°; India and Europe) seems to be distinguished by
the presence of the Hyperodapedon gordoni + Hyperodapedon
huxleyt clade of rhynchosaurs and stereospondyl
temnospondyls. The Ischigualastian North American
assemblages are mainly characterized by desmatosuchine
aetosaurs and trilophosaurid archosauromorphs, clades
which seem to be restricted to low palaeolatitudes
(approx. 10°). Finally, the tetrapod faunas of high and
middle palaeolatitudes (i.e. South America, India and
Europe) share a group of clades absent at lower palaeola-
titudes (southern and central North America), such as
aetosaurine aetosaurs, rhynchosaur archosauromorphs
and traversodontid cynodonts. Similar strong palaeolati-
tudinal provincialisms were also found for Triassic
floras, which seem to be essentially related to latitudinal
climatic distinctions (Artabe ez al. 2003).

The grouping of two geographically distant areas, such
as the northern assemblages of Europe (approx. 30° N)
and the southern ones of India (approx. 30°S), may
suggest that some kind of southern—northern biotic

areas:
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interchange would have been possible during the Ischi-
gualastian (figure 3), supported, for example, by the
sister—taxon relationship of the European Hyperodapedon
gordoni and the Indian Hyperodapedon huxleyi (Langer &
Schultz 2000; figure 1). However, this palaeobiogeogra-
phical signal could not only be explained by dispersal
between these southern and northern areas. It must be
noted that the clades which characterize the Ischigualas-
tian tetrapod faunas of middle palaeolatitudes (i.e. India
and Europe) exhibited a worldwide cosmopolitan distri-
bution during the Middle Triassic (e.g. rhynchosaurs
and stereospondyls). Accordingly, the palaeolatitudinal
distinctions observed in the Ischigualastian faunas could
also be the result of vicariant events and/or local extinc-
tions after the appearance of probable climatic barriers
(Artabe er al. 2003) for tetrapod dispersal during the
early Late Triassic.

(¢) Coloradian Late Triassic tetrapod
palaeobiogeography

The recovered OAC for the Coloradian time slice found a
monophyletic Gondwanan clade composed of the Santa
Maria + India and the South Africa + Ischigualasto clus-
ters (figure 2g; PItCI = 0.692). Europe was recovered
closer to Gondwana than to North America, supported
by tetrapod clades shared by these territories such as saur-
opodomorphs and aetosaurines (figure 1). The common
presence of massopodan sauropodomorphs and trithele-
dontid cynodonts are of strong support for the close
palaeobiogeographical affinities between Ischigualasto
and South Africa. The absence of upper Coloradian tetra-
pod-bearing beds in the Santa Maria Supersequence
(Langer ez al. 2007) and poor sampling of the Indian Col-
oradian (Bandyopadhyay & Sengupta 2006) suggests that
the grouping of these two assemblages, which do not
share any unique monophyletic tetrapod clade at this
time slice, should be treated with caution.

The results from this time slice suggest that Gondwa-
nan tetrapod assemblages were palaeobiogeographically
closer to each other than to northern territories,
but biotic connections were still strong between them. In
this regard, several tetrapod clades exhibit a wide palaeola-
titudinal distribution, ranging from ‘Laurasian’ to
Gondwanan assemblages (e.g. non-guaibasaurid sauropo-
domorphs, coelophysoids, silesaurids, phytosaurs:
Chatterjee 1978; Kischlat & Lucas 2003; crocodylo-
morphs, sphenodontians, procolophonids, testudinates),
suggesting the absence of an effective barrier preventing
a southern—northern tetrapod interchange during the Col-
oradian. North American assemblages present some faunal
peculiarities during the Coloradian, such as the presence
of lagerpetids, typothoracisines, desmatosuchines and phy-
tosaurs of the genera Pseudopalatus and Redondasaurus,
and the absence of sauropodomorphs and chigutisaurids
(figure 1). The latter suggests the presence of a fauna of
low palaeolatidudes during the latest Triassic.

(d) Implications for triassic tetrapod evolution and
early radiation of modern lineages

The results obtained from the TRA performed here have
implications for the early macroevolutionary history of
Tetrapoda. The presence of a roughly Pangacan Middle
Triassic tetrapod palaeobiogeographical pattern suggests

Proc. R. Soc. B (2010)

that lineages which appear for the first time in rocks of
this age or earlier, such as rauisuchian crurotarsans,
would have achieved an early cosmopolitan distribution,
a plausible explanation for the widespread presence of
members of this group in southern and northern terri-
tories during the Ischigualastian (e.g. rauisuchids,
poposaurids; figure 1) despite the presence of a strong
palaeolatitudinal faunal distinction during this later
time. In addition, tetrapod groups unrepresented in
Middle Triassic beds also exhibit a cosmopolitan distri-
bution during the Late Triassic (e.g. aetosaurs,
phytosaurs: Chatterjee 1978; sphenodontians; figure 1),
but ghost lineages suggest their minimum time of diver-
gence during the Middle Triassic or earlier (Sereno
1991; Evans 2003; Brusatte er al. 2010), providing a
possible explanation for their first appearance in the
fossil record as a geographically widely distributed
group. Several other tetrapod clades which appeared in
the fossil record during the early Late Triassic are
restricted to palaeolatitudinal belts, including dinosaurs
and probainognathians at high latitudes (Ischigualasto,
Santa Maria and Lower Maleri formations), and pseduo-
palatine phytosaurs and pterosaurs at medium and low
latitudes (North American and European Triassic depo-
centres). The latter would explain, for example, the
absence of dinosaurs in Europe and North America
during a time span of at least 10 Myr (Hunt ez al. 1998;
Irmis & Mundil 2008) after they first appeared in Gond-
wanan assemblages 230 Myr ago (Furin er al. 2006).

Regarding the evolutionary processes that shaped
Middle and Late Triassic tetrapod clades, the analyses
performed here found that more than 75 per cent of the
cladogenetic events documented in the phylogeny of Tet-
rapoda (figure 1) occurred as sympatric splits, understood
as true sympatry or within-area vicariance, for the coarse
geographical areas considered here (table 1: SSf,
figure 2b,e,h,k: SS light grey area). The strong influence
of sympatric cladogenetic events can be observed in the
evolutionary history of several Middle and Late Triassic
tetrapod lineages (figure 1). Although the palaeogeogra-
phical realities of the Middle and Late Triassic seem to
have allowed biotic interchanges between distant areas,
the number of cladogenetic events resulting in daughter
lineages spanning different areas is not very common.
Accordingly, these results indicate that sympatric splitting
events were the main driver of the radiation of Middle and
Late Triassic tetrapods and the early evolution of several
modern tetrapod lineages.

I thank F. Agnolin, R. Butler, S. Brusatte, A. Martinelli,
J. Desojo, A. Lecuona, the associate editor X. Xu and
two anonymous reviewers for their comments on this
manuscript. Access to the free version of TNT 1.1 was
possible owing to the Willi Henning Society.
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