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The vertebrate lineages that would shape Mesozoic and Cenozoic terrestrial
ecosystems originated across Triassic Pangaea'™. By the Late Triassic (Carnian stage,
~235million years ago), cosmopolitan ‘disaster faunas’ (refs. >*) had given way to
highly endemic assemblages™" on the supercontinent. Testing the tempo and mode
of the establishment of this endemismi is challenging—there were few geographic
barriers to dispersal across Pangaea during the Late Triassic. Instead, palaeolatitudinal
climate belts, and not continental boundaries, are proposed to have controlled
distribution®™ 8, During this time of high endemism, dinosaurs began to disperse and
thus offer an opportunity to test the timing and drivers of this biogeographic pattern.
Increased sampling can test this prediction: if dinosaurs initially dispersed under
palaeolatitudinal-driven endemism, then an assemblage similar to those of South
America**? and India®*—including the earliest dinosaurs—should be present in
Carnian deposits in south-central Africa. Here we report a new Carnian assemblage
from Zimbabwe that includes Africa’s oldest definitive dinosaurs, including a nearly
complete skeleton of the sauropodomorph Mbiresaurus raathi gen. et sp. nov. This
assemblage resembles other dinosaur-bearing Carnian assemblages, suggesting that
asimilar vertebrate fauna ranged high-latitude austral Pangaea. The distribution of

the first dinosaurs s correlated with palaeolatitude-linked climatic barriers, and
dinosaurian dispersal to the rest of the supercontinent was delayed until these
barriers relaxed, suggesting that climatic controls influenced the initial composition
ofthe terrestrial faunas that persist to this day.

Inthe wake of the end-Permian mass extinction, biogeography across
the supercontinent Pangaea was largely uniform, with cosmopolitan
taxa dispersed globally®™, As the Triassic progressed, ecosystems
stabilized and recovered” and endemism gradually increased™ until,
by theearliest part of the Late Triassic (Carnian stage, ~235 million years
ago (Ma)), terrestrial faunas were largely segregated into distinct bio-
geographic provinces'> 8, Climatic regionalization resulting froma
hothouse climate, strong seasonality and high atmospheric partial
pressure of CO, (pcoz) created strongarid and humid palaeolatitudinal
climatebeltsarranged from pole to pole across the supercontinent'”8%
(Fig. 1a). These climatic regions have been proposed to have acted as
effective obstacles to biogeographic dispersal, contributing to the
endemism of Carnian faunas® 8, Although this hypothesis was initially
based on data fromeastern North America”, recent work has suggested
that this may have been a global driver of first-order biogeography
during the Late Triassic'®%%,

This time of global endemism hosts the oldest definitive dinosaurs,
but their record in the Carnian is both sparse and geographically lim-
ited®. The earliest and best preserved dinosaurs are known exclusively
fromafewlocalities in central South America, within the Ischigualasto

Formation of northern Argentina*?** and the Santa Maria Formation of

southern Brazil**. Most other early dinosaur records are far younger
(-10-15 Ma; for example, the Chinle Formation®) or only represented
byloosely associated orisolated bones (lower Maleri Formation, central
India???®).If dinosaur dispersal followed the broader patterns of faunal
endemism during the Late Triassic, a similar faunal assemblage—includ-
ing early dinosaurs—can be predicted to be present in Carnian-aged
sediments of south-central Africa, which fill the palaeolatitudinal gap
between modern-day central South America and India (Fig. 1).

Here we report a rich new fossil assemblage from the Carnian of
Zimbabwe containing Africa’s oldest known dinosaurs—about equiva-
lent in age to the oldest dinosaurs known anywhere—which greatly
enhances knowledge of the origin and early evolution of the group
across Pangaea. In addition to a nearly complete skeleton of a new
taxon of sauropodomorph, this assemblage includes the remains of
herrerasaurid dinosaurs, hyperodapedontine rhynchosaurs, gom-
phodontosuchine cynodonts, early-diverging aetosaurs and a possible
dicynodont, revealing a palaeoecological assemblage strikingly similar
to those of dinosaur-bearing Carnian stratigraphic units along this
same palaeolatitude in South America and India*?°-222628,
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Fig.1| Thenew Zimbabwean assemblage is on the same palaeolatitudinal
climaticbelt as other Carniandinosaur-bearing assemblagesandhasa
similar taxonomic composition. a, The northern Zimbabwean locality
geographically links other Carnian dinosaurian localities across southern
Pangaea.b, The new Zimbabwean locality is the oldest definitive dinosaurian
locality in Africa, coeval with Carnian dinosaur localities from other parts of
theworld. Ind., Induan; Ole., Olenekian. ¢, Summary stratigraphic column of
the Pebbly Arkose Formation at the type locality in Zimbabwe showing the

Systematic Palaeontology

Dinosauria Owen, 1842

Saurischia Seeley, 1887
Sauropodomorphavon Huene, 1932
Mbiresaurus raathi gen. et sp. nov.

Etymology.FromMbire,anhistoricShonaempireanddistrictcontaining
thestudyarea,and oaiipog (saiiros), Greekforreptile; raathiafter Michael
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records of Mbiresaurus raathigen. et sp.nov (red), a herrerasaurid dinosaur
(yellow), atraversodontid cynodont (blue), ahyperodapedontine rhynchosaur
(orange) and an aetosaur (green).d, Representative fossils from the Pebbly
Arkose Formation, including (1) aetosaur paramedian osteoderm (dorsal view),
(2) herrerasaurid dinosaur coracoid (lateral view), (3) cynodont dentary (lateral
view) and (4) hyperodapedontine rhynchosaur maxilla (occlusal view). Scale
bars:1cm (fossils 1,3 and 4) and 5 cm (fossil 2). Climatic belts follow ref. 8.

Raath, who with others first reported fossils from the Dande area®,
to honour his contribution to Zimbabwean palaeontology and the
fossil heritage of Zimbabwe.

Holotype. NHMZ (Natural History Museum of Zimbabwe, Bulawayo,
Zimbabwe) 2222, anearly complete, associated and partially articulated
skeletonincludinga partial cranium, cervical, trunk, sacral and caudal
vertebrae, rib fragments, partial pectoraland pelvicgirdles, and partial
forelimbs and hindlimbs.

Referred material. NHMZ 2547, larger partial skeleton found with
holotype.



Locality and horizon. From the midsection of the ?late Carnian Pebbly
Arkose Formation®®*, Dande Communal Land, Mbire District,
Mashonaland Central Province, Zimbabwe (Extended DataFigs.1and 2).
Coordinates for specific localities are available on request through
C.T.G.and NHMZ. See the Supplementary Information for detailed
justification of formation age.

Diagnesis. Mbiresaurus raathi differs fromall other sauropodomorphs
in the following combination of character states: frontal more than
twice as anteroposteriorly long as mediolaterally wide; dorsal mar-
gin of the anterior portion of the dentary deflected ventrally; orbital
margin of the postorbital projects into the orbit; postorbital fits into
aslotin the frontal; slightly recurved dentary teeth with mesial and
distal carinae and small denticles; at least 20 maxillary teeth; sacrum
composed of three sacral vertebrae with a dorsosacral vertebra and
two primordial sacral vertebrae; deltopectoral crest extends anteriorly
atanangle of -90° from the long axis of the humeral head in proximal
view; width of the distal end of the humerus less than one-third the
proximodistal length of the element; supra-acetabular crest of theilium
extends approximately two-thirds down (distal) the lateral side of the
pubic peduncle; slightly concave ventral border of theiliac acetabular
wall; anteroposteriorly short and dorsoventrally broad postacetabular
process of the ilium with well-developed brevis shelf (autapomorphy);
long axis of the femoral head almost parallel to the distalintercondylar
line; olecranon process remains not fused to the ulnalate in ontog-
eny (potential autapomorphy, evidence for ontogenetic variability)
(Fig. 2 and Extended Data Fig. 9; see the Supplementary Information
for extended differential diagnosis).

Ontogenetic assessment. Histology of the tibia of NHMZ 2222 indi-
cates thatlongitudinal growth had slowed but had not ceased (Extended
DataFig.3).Prominentbonescarsinits fore-and hindlimb are strongly
suggestive of morphological maturity in early dinosaurs®*, The scap-
ulaisnot fused to the coracoid (often uninformative of maturity*?), and
the olecranon is not fused to the ulna (probably autapomorphic for
this taxon). The neurocentral sutures of the vertebrae are all closed.
Although NHMZ 2222 had not completely ceased growth (that is, was
skeletally immature®), it attained most features indicative of mor-
phological maturity. The paratype (NHMZ 2547) is ~15% larger than
NHMZ 2222, indicating that either size increased after morphological
maturity or there was variation in the maximum body size of individu-
als, asin other early dinosaurs®>*,

Description

The ventral border of the premaxilla of Mbiresaurus raathiis at the same
horizontal level as that of the maxilla (Fig. 2). As in later sauropodo-
morphs®3¢and Bagualosaurus¥, but unlike in most Carnian sauropodo-
morphs, M. raathilacks asubnarial gap. Thereis a premaxillary foramen
onthe anteroventral margin of the narial fossa (Fig. 2x), a feature that
has been recovered as a synapomorphy of both Eusaurischia® and
Ornithoscelida®. The ventral margin of the antorbital fossa on the
maxillais marked by a sharp ridge (Fig. 2w), as in most Carnian sauro-
podomorphs and early neotheropods, but unlike the more rounded
feature of Eoraptor*®. The frontal pair of M. raathiis anteroposteriorly
longer thanitis mediolaterally wide, unlike in most Carnian sauropo-
domorphs, but similar to later members of the group (for example,
Plateosaurus, Adeopapposaurus and Massospondylus). The most ante-
rior portion of the dorsal surface of the dentary is deflected ventrally
(Fig. 2r), a likely sauropodomorph synapomorphy?, although this is
clearerin Bagualosaurus and later sauropodomorphs (M.C.L., personal
observation). There are denticles onboth the mesial and distal margins
of the premaxillary teeth in M. raathi, as in later sauropodomorphs
(for example, Plateosaurus®) but unlike in many Carnian sauropodo-
morphs from South America such as Eoraptor, Pampadromaeus and
Buriolestes®, although some (for example, Pampadromaeus and Bagua-
losaurus) completely lack serration in some premaxillary teeth®*.,

The dentary teeth are arranged en echelon and are labiolingually com-
pressed and slightly recurved. Both mesial and distal carinae possess
apically oriented denticles along their lengths (Fig. 2r,s), forming the
imbricated ‘leaf-shaped’ teeth typical of early sauropodomorphs*. The
denticles are relatively small (seven denticles per millimetre; Fig. 2s)
compared with those of some early sauropodomorphs such as Pam-
padromaeus and Bagualosaurus®.

The cervical centra are twice as anteroposteriorly long as they are
dorsoventrally tall and lack pneumatic fossae (Fig. 2¢), as in Eoraptor
and other early sauropodomorphs*®. The trunk vertebrae of M. raathi
possess hyposphene-hypantrum accessory articulations, asaurischian
synapomorphy**. The sacrumis composed of three vertebrae (Fig. 2a),
withadorsosacral vertebraadded anterior to the primordial two sacral
vertebrae, asin some Carnian****and most later*® sauropodomorphs,
early ornithischians (Eocursor, Heterodontosaurus and Lesothosaurus)
and neotheropods*’, but unlike in other Carnian sauropodomorphs,
which possess an additional sacral vertebra incorporated from the
caudal series®**¢, Unlike in other Carnian sauropodomorphs*, but as
inlater-diverging taxa®, the sacral centra of the paratype (NHMZ 2548)
are co-ossified, although those of the smaller holotype (NHMZ 2222)
arenot.

Thedistalend of the scapular bladeis ~2.5times wider than the proxi-
mal‘neck’ of theblade (Fig.2q), asin other Carnian sauropodomorphs
(Saturnalia and Eoraptor) and unlike the strap-shaped blade of herre-
rasaurids®®. As in other early sauropodomorphs®, the deltopectoral
crest of the humerus is long and asymmetric, and its apex extends
to ~40% the length of the humerus (Fig. 2p). The deltopectoral crest
of the humerus is more anteriorly directed than in many other Car-
nian sauropodomorphs**° but is similar to that in Guaibasaurus™®,
Pampadromaeus*' and later sauropodomorphs®. The olecranon
process is not fused to the ulnain the type and referred specimens of
M. raathi, and there is arounded, rugose ‘biceps tubercle’ (as in Sat-
urnalia®) integrated into the anterior side of the proximal end of the
ulna (Fig.2n).

The ilium of M. raathi is robustly built, with thick, large and well-
integrated bone scars across the blade (Fig. 2b). Asin other early sau-
ropodomorphs, but unlikein herrerasaurids and early theropods*, the
acetabulum is anteroposteriorly shorter thanit is dorsoventrally tall.
Theventral edge of theiliac acetabular wallis slightly concave, forming
a‘perforate’ acetabulum (Fig. 2b) thatis a classic dinosaurian synapo-
morphy*, similar to the acetabular wall in later sauropodomorphs>®
and different from the ventrally straight acetabular walls in several
other Carniansauropodomorphs®. The ilium of M. raathi possesses an
autapomorphic posterior process thatis ‘robust’ (anteroposteriorly
shortand dorsoventrally broad), similar to theilia of later sauropodo-
morphs, but with a well-developed brevis shelf (Fig. 2b and Extended
DataFig.10). The distal end of the ischium has adistal expansion (Fig. 2I)
similar in form to that of early sauropodomorphs but unlike that of
Herrerasaurus*.

The femur is sigmoidal in shape, with a curved shaft and an antero-
medially directed head with an offset anteromedial tuber, a dinosau-
rian synapomorphy*°. The bone scars of the femur (for example, the
anterolateral trochanter, trochanteric shelf and intermuscular lines)
are distinct, large and robust (Fig. 2g), similar to those of Herrerasau-
rus®*and mature individuals of Coelophysis**. Variationin femoral bone
scars of M. raathi (Extended Data Fig. 9), and within Saturnalia, sug-
gests that these scars are ontogenetically variable as in other Triassic
dinosauriforms®. The distal margin of the fourth trochanter of the
femur is sharply angled (-90°) towards the femoral shaft (Extended
Data Fig. 9), as in most other early sauropodomorphs?##¢ and
Herrerasaurus®. Thefibular condyle is much larger than the lateral con-
dyle (=cristatibiofibularis), and these are separated by a clear groove. The
tibiais the same length as the femur, and its cnemial crest is well devel-
opedand anterolaterally directed (Fig. 2f), similar to that of many early
dinosaurs®. Asin some herrerasaurids and Carnian sauropodomorphs,
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Fig.2|Skeletal anatomy of the Mbiresaurus raathiholotype (NHMZ 2222)
and paratype (NHMZ 2547).a,Sacrum (NHMZ 2547).b, Leftilium

(NHMZ 2547).c, Cervical vertebra (NHMZ 2547).d, Axis (NHMZ 2547).

e, Leftfibula(NHMZ 2222).f, Left tibia(NHMZ 2222). g, Left femur

(NHMZ 2222). h, Right tarsal Ill (NHMZ 2222).1i, Right astragalus (NHMZ 2222).
j, Left pedal phalanges (NHMZ 2222). k, Left pubis (NHMZ 2547).1, Leftischium
(NHMZ 2547). m, Manual ungual (NHMZ 2222). n, Left ulna (NHMZ 2222).

o, Rightradius (NHMZ 2547). p, Left humerus (NHMZ 2222). q, Right scapula
(NHMZ 2547).r,Right dentary (NHMZ 2222). s, Scanning electron microscope
image of dentary tooth. t, Rightarticular and surangular (NHMZ 2222). u, Left
quadrate (NHMZ 2222). v, Right frontal and postorbital (NHMZ 2222). w, Left
maxilla(NHMZ 2222). x, Right premaxilla (NHMZ 2222). Orientations:
a,ventral;b-h,j-n,q-t,w,x, lateral; f,j, medial; g, anterolateral; h, distal;

but unlike in early theropods (for example, Tawa, GR 242), the distal
end of the tibia is roughly quadrangular in distal view. As in most early
dinosaurs*’, the third metatarsal is the longest (Extended DataFig. 9). The
pedal unguals are less recurved than in herrerasaurids and theropods,
and their ventral surface is flat, similar to those of other early sauropo-
domorphs (for example, Foraptor® and Saturnalia*®).

Analyses and discussion

Because the phylogeny of early dinosaurs and their kinis currently con-
troversial, we tested the phylogenetic affinities of M. raathi with several
recently published character matrices?**>** using maximum parsimony,
as well as with a Bayesian approach (Fig. 3a and Extended Data Fig. 4).
M. raathi was consistently recovered among the earliest diverging
sauropodomorphs (Fig.3a and Extended Data Fig. 4). In the parsimony
analyses, it was recovered in a similar position or forming a clade of
Carniansauropodomorphs, orin apolytomy at the base of Saurischia
with other Carnian sauropodomorphs (Extended Data Fig. 4). Thus,
these results are independent evidence that M. raathiis an early sau-
ropodomorph, anatomically similar to Carnian-aged members of the
group from the same palaeolatitude of southern Pangaea.

Therest of the assemblage recovered from the Pebbly Arkose Forma-
tion of the Dande Communal Areais similar in taxonomic composition
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(a-r,t-x),1 mm (s) and 20 cm (skeletal reconstruction). Grey elements are
unknown. a., articulates with; amb, ambiens process; aof, antorbital fossa;

ap, ascending process; ar, articular; bt, biceps tubercle; cal, calcaneum; cc,
cnemial crest; cor, coracoid; dpc, deltopectoral crest; ds, dorsosacral vertebra;
f, frontal; gl, glenoid; if, musculusiliofibularis attachment scar; il, ilium; is
ischium; mt3, metatarsalIll; obf, obturator foramen; odp, odontoid process;
ol, olecranon; pmf, premaxillary foramen; pmt, posteromedial tuber;

po, postorbital; ppo, postorbital projectioninto orbit; q, quadrate; r, ridge;
rap, retroarticular process; ru, rugosity; sac, supra-acetabular crest; srl, sacral
rib, primordial sacral1; sr2,sacralrib, primordial sacral 2; ts, trochanteric shelf;
unp, pedal ungual.

to assemblages from the terrestrial Carnian sediments of Argentina,
Brazil and India, matching the biogeographic prediction given by the
similar palaeolatitudinal position of these regions. A hyperodape-
dontine rhynchosaur (Hyperodapedon sp.) isthe most common taxon
(Fig.1cand Extended DataFig. 5), strongly suggesting atemporal cor-
relation with the Carnian Hyperodapedon Assemblage Zone of Brazil*
and the Hyperodapedon-Exaeretodon-Herrerasaurus biozone of
Argentina®*?>* Supporting this idea, the Pebbly Arkose assemblage
also hosts an Exaeretodon-like cynodont, an Aetosauroides-like aeto-
saur and a large (-6-m-long) early-diverging saurischian dinosaur
(Extended Data Fig. 5), all low-level clades that have been recovered
from the Ischigualasto Formation of Argentina**?, the Santa Maria
Formation of Brazil**® and the lower Maleri Formation of India'**%,
This distinctive assemblage of taxa found alongside the earliest
known dinosaurs strongly suggests a common faunal setting for
the earliest dinosaurs. These assemblages are found along the same
palaeolatitudinal zone (Fig. 1a), indicating that these taxa may be
tracking latitudinally controlled climate belts, which have been pro-
posed to have been a major influence on tetrapod distribution across
Late Triassic Pangaea®™™®,

Triassic dinosaurs in particular have been proposed to have been
biogeographically restricted by these climate belts, with sauropo-
domorphs restricted to higher latitudes with greater humidity and
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Fig.3| The tempo and mode of Triassic dinosaur dispersal. a, Phylogenetic
relationships of early dinosaurs, with Mbiresaurus raathirecovered as an early
sauropodomorph. The ancestral geographicrange of early dinosaurs was
high-latitude southern Pangaea, with theropods dispersingnorthinthe

late Carnian, followed by sauropodomorphsin the Norian. M. kaalae,
Massospondylus kaalae; M. carinatus, Massospondylus carinatus.b, The
biogeographicdispersal model suggests a higher likelihood of climatic
barriersto dispersal from southern Pangaeaearly in dinosaurianand

more abundant vegetation'®*®, Conversely, although early theropods
have been considered to be more climatically resilient™, the more arid
and unstable low latitudes are thought to have promoted a delay in
dinosaurian numerical abundance worldwide throughout the Late
Triassic'*™®, We tested this hypothesis of climatic barriers to dinosau-
rian dispersal by exploring whether the early phylogenetic history of
dinosaurs retains a signal for restricted dispersal. We implemented a
dispersal-extinction-cladogenesis (DEC) model® on our tip-dated
phylogeny under a maximume-likelihood framework. We generated
different rate matrices of biogeographic dispersal across Pangaea,
estimating pre-arid belt, arid belt and post-Triassic dispersal. The date
of the arid belt dispersal matrix was tested along the entire Late Tri-
assic, with the difference in likelihood (delta-likelihood) indicating
whether this dispersal pattern was supported at any given time; that

ornithodiran evolution, withbarriersdampenedin the late Carnianand early
Norianbefore returning for the remainder of the Triassic. p., proxy dataare
fromref. ®°. The phylogeny is from the Bayesian analysis of the modified dataset
inref.>* (Methods); numbers at early nodes indicate posterior probabilities to
two significant digits. Posterior probabilities for allnodes are givenin
Extended DataFig. 6. Early nodes were given no a priori time constraint;

deep divergences (for example, Dinosauria, Saurischia, Theropodaand
Sauropodomorpha) may be slightly younger than estimated by the model.

is, alower likelihood indicates dispersal across arid belts, suggesting
decreased strength of climaticbarriers. Therefore, the model used the
ornithodiran phylogeny to estimate when, if ever, there were barriers
to dinosaurian dispersal from high-latitude southern Pangaea during
the Late Triassic.

Our model recovered a tripartite pattern indicating that early dino-
saurian dispersal was influenced by a waxing and waning of climatic
barriers (Fig. 3b). Although thereis support for barriers to dinosaurian
dispersal at the earliest stage of their evolution, by 230 Mathese barri-
ershadbrokendown. Thissharp dipinbarrier delta-likelihood is roughly
coincident with the Carnian pluvial event, a global period of extended
humidity that would be expected to lessen the intensity of tropical arid
belts. Thisinitial breakdown was followed by ~5-7 million years of mod-
elled dispersal of dinosaurs to northern palaeolatitudes. Following this,
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the model suggests less dispersal across climatic zones for the remain-
der of the Triassic, which is interpreted here as a re-establishment of
climatic barriers and a predominance of endemic cladogenesis. An
exception to this trend is a steep uptick in delta-
likelihood at ~215 Ma, coincident with the Manicouagan impact, and a
subsequent plateau (or even decline; Extended Data Fig. 7) during the
following global decrease in atmospheric pcozthat has beenindepen-
dently proposed to have encouraged dispersal northwards by suffi-
ciently removing climatic barriers®. Including non-dinosaurian
ornithodirans in the model resulted in the same general pattern of
dispersal, and our sensitivity analyses recovered similar trends of restric-
tion—-dispersal-restriction, suggesting that this signal is not driven by
incomplete sampling of northern Carnian assemblages or phylogenetic
uncertainty (Fig. 3b and Extended Data Figs. 6 and 7). Combined with
the ancestral state estimation (Fig. 3a), our model suggests that the
early evolution of dinosaurs was marked by biogeographic constraint
tothe higherlatitudes of southern Pangea, with two waves of northward
colonization: first theropods, in the latest portion of the Carnian, fol-
lowed by sauropodomorphsinthe Norian. The constraints on dispersal
then returned for the remainder of the Triassic, mooring taxa in their
respective biogeographic provinces across Pangaea. We therefore pre-
dict that any late Carnian dinosaurs recovered outside this southern
temperate belt willbe theropods. Anindependent, preliminary report
of alate Carnian-early Norian theropod from Wyoming>® supports our
hypothesis of theropod-first dispersal, but increased sampling from
220-215Mawill provide further tests of this model.

The Triassic—especially the Late Triassic—was the cradle of lineages
that went on to shape the terrestrial vertebrate communities of the
Mesozoic and Cenozoic, including mammals"’, turtles®, lissamphib-
ians®'°, lepidosaurs**", crocodylomorphs?and, of course, the dinosaurs
andtheirkin®. The biogeographic context of the early evolution of these
lineages has received much attention® %, but sparse sampling has often
obscured the earliest history of major groups, including dinosaurs. Our
detailed hypothesis of how latitudinal climate beltsinfluenced dispersal
across Pangaea has clear implications for the terrestrial biogeography
of the Late Triassic: the distribution of dinosaurs suggests a waxing
and waning of climatic barriers to dispersal across different regions
of Pangaea. These barriers could have influenced the early dispersal
of clades in different ways, still retaining the same global signal; for
example, theropods and sauropodomorphs were both affected by
the same climatic barriers, but the tempo and mode of their dispersal
differed according to their reconstructed ecologies'®'®. This not only
providesabroad framework for interpreting biogeography across the
Triassic, butalso canguide targeted, hypothesis-based fieldwork to new
localities. Phylogenetic history may retain signals of abiotic disruption
and its resulting influence on dispersal, and models of biogeography
similar to what we have constructed for dinosaurs may offer productive
avenues for uncovering the early history and assemblage of Mesozoic
terrestrial vertebrate faunas.
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Methods

This article was reviewed in English. The authors prepared sum-
mary statements written in Ndebele and Shona (which were not
peer-reviewed or checked for correctness by Springer Nature) and
have made them available at the online repository Dryad (https://doi.
org/10.5061/dryad.pg4f4qrqd).

Fieldwork and preparation

All foreign researchers involved in fieldwork (C.T.G., S.T., S.J.N.) were
registered with the Research Council of Zimbabwe for 2017 and 2019
field seasons (permit numbers 02991 and 03266 to C.T.G.; 02992 to
S.T.;03267t0S.).N.). Inthefield, specimens were glued with Butvar-72
dissolved in acetone, which was removed during preparation with
acetone. Fossils were first cleaned with water and toothbrushes before
more intensive preparation with a Paleotools Microjack 1under a dis-
section microscope. During preparation, clean breaks were glued with
cyanoacrylate glue. We moulded elements with Smooth-On Mold Star
15SLOW platinum silicone rubber and casted with Smooth-On Smooth
Cast 300 liquid plastic resin.

Histological sampling

We histologically sampled the right tibia of the Mbiresaurus raathi
holotype (NHMZ 2222) at midshaft (Extended DataFig.3), near where
the element was already broken. To preserve the original morphology
ofthe specimen, before sampling we moulded (using Smooth-On Mold
Star15SLOW platinumssilicone rubber) and casted (using Smooth-On
Smooth Cast 300 liquid plasticresin) the tibia. We embedded the sam-
plein Castolite AC clear polyester resin (Eager Polymers) and immedi-
ately placed this under vacuum for 2-3 min to remove bubbles. After
curing, cross-sectional wafers were cut from the embedded specimen
using anlsoMet 1000 precision diamond-bladed saw, with a wafer thick-
ness of 1.5 mm. We polished one side of the wafer with progressively
finer griding discs (1,200 grit, 2,400 gritand a 0.3-pm polishing slurry)
before gluing it with cyanoacrylate glue, polished side down, to a plexi-
glass microscopeslide that had been roughened with sandpaper. The
unpolished side of the wafer, facing up from the slide, was then, using
the same method, ground and polished to a thickness that permitted
the passage of enough light that histological structures were clear. We
examined the slides with an Olympus BX51 petrographic microscope
under threelight regimes: plane-polarized light, cross-polarized light
and cross-polarized light with alambda retarder (530-nm gypsum
wedge) to better observe the orientations of hydroxyapatite crystallites
(whichareinturninfluenced by the orientation of the original collagen
fibrils). We captured microscopy images with an Infinityl camera and
associated software. The large, whole-slideimage was assembled from
individual microscopy photographs using the Photomerge function
in Adobe Photoshop v.22.3.0.

U-Pb detrital zircon dating

Zircons were disaggregated from asandstone samplerecovered from
directly beneath the Mbiresaurus raathiholotypeby Zirchron using con-
ventional crushing and separation procedures. The Arizona Laserchron
Center conducted U-Pb detrital zircon dating. The sample (n = 300) was
mounted ona1l-inchepoxy mount, polished to al-um finish and imaged
with aHitachi3400N scanning electron microscope with backscatter.
The laser ablation system was a Photon Machines Analyte G2 Excimer
laser. Inductively coupled plasma mass spectrometry (ICP-MS) was
conducted with a Thermo Element2 HRICP-MS instrument.

Phylogenetic analyses

Torobustly test the phylogenetic placement of Mbiresaurus raathi, we
used three different matrices that sample the origins of major dino-
saurian clades (from Cabreira et al.?, Baron et al.* (as modified and
expanded by others® %) and Langer et al.>®). Two of these matrices

sample the same characters, but differ in the character scores for many
taxa>*>>"%%) For these matrices, we added Bagualosaurus agudoensis
along with M. raathi, but we only added M. raathi to the matrix from
ref. 26, We also removed three controversial taxa: Saltopus elginensis,
Nyasasaurus parringtoni and Agnosphytis cromhallensis. The Agnos-
phytisholotypeisachimera (personal observation,S.J.N.), and because
Saltopusisknown only fromamould® there are difficulties in scoring
it consistently, with many character scores not unambiguously repro-
ducible. Nyasasaurus is possibly a chimera® if all of the holotype and
referred material is scored together (personal observation, S.J.N.), as
has been done in these matrices, and, if only the highly incomplete
holotype is scored, its position is very unstable and destroys most
dinosauriformresolution. However, we also conducted analyses with
these taxato evaluate how they influenced the placement of M. raathi,
confirming that they did notimpact our interpretation of Mbiresaurus
asan early sauropodomorph, for a total of six different phylogenetic
analyses using parsimony (Extended Data Fig. 4). We followed ref.
in considering ‘Marasuchus’ and junior synonym of Lagosuchus. Fol-
lowing ref. *, we treated the following characters as ordered in the
matrices fromBaronetal.*****and Langer etal.”: 24, 35,29, 60, 68, 71,
117,145,167,174,180,197,199, 206, 214, 215,222,251, 269, 272,286, 289,
303,305,307, 313, 322, 333, 334, 338, 353, 360, 376, 378,393, 442 and
446.Weremoved character 217, which evaluates the co-ossification of
sacral centra, because this character is highly variable in dinosaurian
ontogeny*>*** and character states are probably related to the maturity
of each individual scored more than to their phylogenetic relation-
ships. For the matrix from Cabreira et al.?, we treated the following
charactersas ordered, following ref.: 3,4, 6,11,36, 60, 62, 64, 83,115,
123,139,147,148,157,160,171,173,174,178,179,182,195, 200, 201, 202,
205, 216, 222,240 and 248. We also rescored three character states
in three taxa in this matrix that were binary but scored as multistate
characters (Heterodontosaurus character 14:2->0; Dilophosaurus char-
acter 86:2~1; Asilisaurus character 223:2>0). All trees were generated
using equally weighted parsimony with TNT 1.5 (ref. ¢’), using Mesquite
(v.3.7)%8 to convert NEXUS files into *.tnt format. For each of the six
analyses, amaximum of 99,999 trees were retained in memory, and a
new technology search was performed using the sectorial searches,
Ratchetand Tree Fusing algorithms with default settings. We searched
for the most parsimonious tree until this tree was found 100 times (as
in ref.*®) and retained resultant trees in memory. Following the new
technology search, we performed a traditional search on the trees
stored in memory using the tree bisection and reconnection search
heuristic. To calculate reduced consensus trees, we found rogue taxa
for each analysis (excluding Mbiresaurus, if necessary) using the com-
mand PCRPRUNE® in TNT, placing the resulting taxain a taxon group.
Wethen calculated the strict consensus tree while excluding this group
oftaxa, creating the reduced strict consensus tree.

Maximum likelihood has been suggested to better estimate phylo-
geneticrelationships among extinct taxa from morphological charac-
ters’® than the more conventional parsimony analyses, although this
has been much debated’ ™. The latter approach has been more com-
monly used toinvestigate the controversial phylogeny of early ornitho-
dirans?**4037576 (hut see ref. ”’). Bayesian inference of phylogenetic
relationships, an expansion of the maximum-likelihood approach, has
likewise been suggested to outperform parsimony analyses’®; specifi-
cally, afossilized birth-death model has been suggested in simulations
to better approximate true phylogenetic relationships among taxa
known only from fossils than maximum parsimony”®. In light of this
ongoing debate, we also used a Bayesian approach in analysing the
modified matrix from Langer et al.>> to both test the relationships of
early dinosaurs further than with only our parsimony analyses (Extended
DataFig.4) and generate phylogenetic trees appropriate for our biogeo-
graphicanalyses. We generated atip-dated phylogeny under Bayesian
inference using Beast 2 (version 2.6.3)%°. We used the morph-models and
sampled ancestors packages to analyse morphological matrices undera


https://doi.org/10.5061/dryad.pg4f4qrqd
https://doi.org/10.5061/dryad.pg4f4qrqd

fossilized birth-death model. We generated six distinct character parti-
tions: two-state, three-state, three-state ordered, four-state, four-state
ordered and six-state partitions. Beast 2 isnot readily equipped to par-
tition characters as ordered or unordered, and, as such, we manually
codedthe ordered character partitions by using rate matrices that force
stepwise transitions between character states. We structured each of our
six character partitions under an MK model with rates modelled under
agammadistribution with four different rate categories and arandom
local clock model set to 1.0 (ref. ). For tip dates, we updated the dates
usedinref.* and included dates for our additional taxa, calculating tip
dates asthe mean age for the unitsin which each taxon occurs, based on
radiometric and/or stratigraphic correlations (for afull list of dates and
references, see Supplementary Table 3). We ran a Markov chain Monte
Carlo (MCMC) model using the fossilized birth-death prior and forced
monophyletic Archosauriaand Ornithodira to set Euparkeria capensis
and Postosuchus kirkpatricki as outgroup taxa. Otherwise, we used the
default priorsinBeauti2. We set the MCMCto run for 40,000,000 gen-
erationswitha50%pre-burn-inandtologatreeevery 2,000 generations
andran 10 separate chains foratotal 0f210,010 sampled trees. We evalu-
ated the output of the ten separate chains of our MCMC using Tracer®,
with a10% burn-in. Once we established convergence and sampling in
our posterior sample of trees, we integrated the ten separate chainsin
LogCombiner by implementing a 10% burn-in on each separate chain,
and, to avoid computational limitations, we resampled each chain to
logatreeevery4,000 generations, for afinal sample 0of 90,010 sampled
trees. This was used to generate our maximum clade credibility tree with
TreeAnnotator, with node heights set to the target heights of the tree
anda0%burn-in®, We conducted this same procedure for the matrices
fromBaron et al.***%2and Cabreira et al.”® as well as for the matrix from
Langer et al.”* including the dinosauriform Saltopus, resulting in a total
of four time-calibrated Bayesian maximum clade credibility trees (Fig.3
and Extended Data Figs. 5and 6). Note that these matrices were selected
for their broad taxonomic sampling; interpretations of within-clade
relationships, especially those of neotheropods and non-Carnian sau-
ropodomorphs, should be taken with care.

Biogeographic dispersal model

Previous studies have focused on the biogeographic origins of Dino-
sauria®, yet fewer studies have evaluated how biogeographic mod-
els can inform the timing of geographic or otherwise non-biological
events®®, We aimed to test the origin of a major climatic event that
limited dispersal across Pangea, given the biogeographic history and
phylogeny of Dinosauria. Biogeographic analyses were performed in
the R statistical environment (v.4.0.2)%¢. We generated a DEC model
under amaximum-likelihood framework, using the BioGeoBEARS pack-
age (v.1.1.2)%”%8 with three different dispersal rate matrices over the
Triassic and Jurassic history of Ornithodira. We opted to use a single
model, as we were testing the influence of limited dispersal across
subtropical Pangaea, rather than estimating the most likely historical
biogeography for Ornithodira. We therefore selected a DEC model
because this is the simplest model that focuses on dispersal as the
primary mode of colonization, using time-dependent probabilistic
parameters, which is well suited for the data taken from the Triassic
ornithodiran record®. Our model mustinclude parameters that force
dispersal between adjacent areas, such that our model assumes that
any dispersal event must have included an intermediate step, where
the lineage was known from two locations simultaneously, making
extinction of the home range occur before full colonization of the
new range, rather than range expansion (dispersal) and home range
extinction occurring simultaneously asis the case in the +) parameter®
(Supplementary Information). Additionally, in testing how altering
the origin of a climatic band affects model performance, only amodel
under which parameters are estimated using time-dependent probabil-
istic models would suffice—thisis best captured by DEC. We therefore
selected the DEC modelto test our hypothesis for the timing of Triassic

dinosaurian dispersals. See the Supplementary Information for further
justification for this model selection strategy.

We used three dispersal matrices to capture the early history of
Ornithodira, the origin of a climatic belt that limited dispersal across
Pangaea'® and the breakup of northern Pangaeain the earliest Juras-
sic (Extended Data Fig. 8). We set no a priori date for the origin of the
arid climaticbelt, and, as such, we used the ornithodiran phylogeny to
estimate the timing of onset of this belt. We sampled five different geo-
graphicareas: high-latitude southern Pangaea, low-latitude southern
Pangaea, equatorial Pangaea, western north Pangaea and easternnorth
Pangaea. We chose these areas because they reflect the presence of the
arid belt (low-latitude southern Pangaea) and reflect the breakup of
western and eastern north Pangaea (that s, the opening of the Hispanic
Corridorand Viking Strait) at the beginning of the Jurassic®®®'. We built
our model torandomly sample dates froma uniform distribution that
spanned 235-201.5 Ma. For this interval, we used adispersal rate matrix
that limited dispersal from high-latitude to low-latitude southern
Pangaea (probability = 0.5) and further limited dispersal from
low-latitude southern Pangaea to equatorial Pangaea (probabil-
ity = 0.25) and from high-latitude southern Pangaea to eastern and
western north Pangaea (probability = 0.1). For the other two matrices,
we used dispersal rates that limited dispersal from high-latitude south-
ernPangaeato equatorial Pangaea (probability = 0.5) or to eastern and
western north Pangaea (probability = 0.25) and from low-latitude south-
ernPangaeato easternand western north Pangaea (probability = 0.5).
TheJurassic dispersal matrix was further modified to limit dispersal
between eastern and western north Pangaea (probability = 0.25) to
incorporate the breakup of northern Pangea. We used a stepping-stone
model that allows for dispersal only between adjacent regions. We
estimated maximum delta-loglikelihood (hereafter, delta-likelihood)—
the highest log likelihood across all dates for a single tree subtracted
fromthe log likelihood for each date for a single tree—for each of the
estimated time periods and used this to evaluate whether reduced
dispersal from the arid belt resulted in higher or lower log likelihood
for the entire model. A low delta-likelihood at a given time—relative
to other sampled times—suggests that the model incorporating the
arid beltis not well supported, that is, that there is little support for
abiogeographic restriction at that time and that the phylogeny pre-
serves evidence of dispersal across climatic zones. Conversely, a high
delta-likelihood at agiven time suggests that arestriction to dispersal
is consistent with the phylogeny at that time, further suggesting that
speciation events are primarily endemic and do not cross climatic
barriers. Ancestral states under this model were estimated using the
plot_BioGeoBEARS results function with five different a posteriori
dispersal matrices as suggested by likelihood reflecting (1) pre-arid
belt, (2) arid belt, (3) arid belt dissipation, (4) arid belt return and (5)
post-Triassic (using the same matrices as above), with start dates for the
models selected from our previous analysis. To account for optimiza-
tion errors, we used a generalized simulated annealing algorithm with
the GenSA package (v.1.1.7)?2, which samples the likelihood surface of
complex models forasingle global minimum, such that the model does
notrestonlocal minima. Note that we interpret the greatly heightened
delta-likelihood from~220-201 Ma (Fig. 3 and Extended Data Fig. 7) as
partly artefactual: because the likelihood is driven by dispersal events,
the greater number of endemic dispersal events within climatic zones
later in the Triassic relative to the Carnian will cause the likelihood to
be greater than that of the Carnian, even if the climatic barriers are
comparable. Because of this, we are hesitant to interpret the greatly
heightened delta-likelihood later in the Norian and Rhaetian at face
value: although the signal unambiguously suggests heightened bar-
riers to dispersal, as in the early Carnian, quantifying the intensity of
these barriers relative to the early Carnian may be beyond the scope
of the model to evaluate.

Totest the sensitivity of our results to fossil sampling across Pangaea,
we added hypothetical terminal taxa, assigned to be roughly the same
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age as M. raathi (that is, ‘Ischigualastian’ age), to test whether limited
geographic sampling of early-diverging theropods, sauropodomorphs
or herrerasaurids influenced the maximume-likelihood outcome of our
biogeographic model. This simulates the potential forincreased future
samplingin other regions of Pangaea and allows us to test whether our
model of dispersal is robust or driven primarily by limited sampling.
Allhypothetical taxa were added near the base of Sauropodomorpha,
Theropoda and Herrerasauridae using the bind.tip command in the
R package phytools (v.0.6-99)* in R (v.3.6.2)%¢ and were temporally
coincident with the earliest dinosaurs in our sample. We tested eight
different permutations: all Ornithodira, Dinosauria only, one added
theropod, three added theropods, one added sauropodomorph, three
added sauropodomorphs, one added herrerasaurid, and one added
herrerasaurid, theropod and sauropodomorph. All hypothetical taxa
were placed in phylogenetic positions representing ‘worst-case sce-
narios’ for our hypothesis of early barriers to dinosaurian dispersal.
Hypothetical taxa were placed both early indinosaurian evolution and
phylogenetically distant from each other to ensure multiple dispersal
events during the Carnian and not one event for two closely related
hypothetical taxa. Following this strategy, we placed hypothetical taxa
assister to early taxaor sister to extremely early nodes. The single hypo-
thetical theropod was placed as sister to Eodromaeus, and the other
two hypothetical theropods were placed sister to the unnamed node
Eodromaeus + Neotheropodaandsister to allother theropods and were
assigned an equatorial Pangaean provenance. The single hypothetical
sauropodomorph was placed sister to Saturnalia, and the other two
were likewise placed sister to the unnamed node Buriolestes + Guaiba-
saurus and to the unnamed node Bagualosaurus + Sauropoda and were
assigned anorthern Pangaean (both eastern and western) provenance.
The hypothetical herrerasaurid was placed sister to Herrerasaurus and
givenanorthern Pangaean (eastern and western) provenance. Crucially,
the hypothetical taxa were assigned to geographicregions fromwhich
Carnian dinosaurs are not currently known; for example, the added
sauropodomorph of Ischigualastian age was given anorthern Pangaean
provenanceto explicitly test whether alack of sampled Carnian sauro-
podomorphs from northern Pangaeawould influence the results of our
analyses. For each model, we calculated delta-likelihood as described
above by subtracting the highest log likelihood returned for the entire
sample fromtheloglikelihood ateach individual time period, such that
results from each of the individual models were directly comparable. As
an additional test of the limits of our hypothesis, we also tested a per-
mutationwith ahypothetical northern Carnian assemblage containing
agreater diversity of early dinosaurs than any that hasbeen recovered
from southern Gondwana, with an added herrerasaurid, three added
theropods and three added sauropodomorphs.

Early dinosaur phylogeny is controversial, with several compet-
ing hypotheses of relationships. To test the sensitivity of our bio-
geographic results to phylogenetic configuration, we ran the same
analysis in BioGeoBEARS on20 random trees taken from the posterior
distribution of trees from the Bayesian analysis of the matrix in Langer
etal., whichinclude morelikely configurations (for example, herrera-
saurs as non-eusaurischians) and highly unlikely configurations (for
example, Ornithischia and Sauropodomorpha united into a mono-
phyletic Phytodinosauria, herrerasaurs outside Saurischia). Because
ofthe computational demands of this analysis, we conducted this on
the Virginia Tech Advanced Research Computing Cluster and accessed
128 nodes for 36 h, resulting in 4,608 total computational hours. We
also conducted analyses on the Bayesian trees recovered from the
matrices in Baron et al. and Cabreira et al. to further test how differ-
ent phylogenetic arrangements might influence our results. Because
the dating of the Pebbly Arkose Formation, although most likely late
Carnian, isuncertain (Supplementary Information), we also conducted
abiogeographic analysis with the Bayesian tree from Langer et al.
(Fig. 3) with Mbiresaurus dated as early Norian (225 Ma) instead of
late Carnian. Because our hypothesis of atheropod-first colonization

of northern Pangaea in the latest Carnian may be driven by a dearth
of theropod taxa from South America during the earliest Norian, we
conducted two analyses with ahypothetical South American theropod
placedsister to the node Tawa + Neotheropoda and dated to the same
age as Bagualosaurus in the first analysis and Guaibasaurus in the
second analysis. Although the later sauropodomorphs Lessemsaurus
and Ingentia were not included in any of the matrices we used to
explore early dinosaurianrelationships, their ages and hypothesized
phylogenetic locations may make theminfluential to understanding
the timing of Norian sauropodomorph evolution®*®. These taxa were
not available for us to score into the matrices we tested, so we again
used the bind.tip command in the R package phytools (v.0.6-99)% to
add Lessemsaurus and Ingentia to the phylogeny as each other’s clos-
est relative, sister to Antetonitrus®, with Norian sauropodomorph
divergence times adjusted accordingly. The results of all these analyses
canbe found in Extended Data Fig. 7.

Because dinosaurian dispersal from southern Pangaea was our pri-
mary focus, our model was centred on testing for limited dispersal
through low-latitude southern Pangaea, where an arid belt has been
proposed to have acted as a barrier to dispersal through most of the
Late Triassic'®. However, a similar arid belt was also present in the low
latitudes of northern Pangaea', north of equatorial Pangaea, and this
belt hassimilarly been proposed to haveacted asabarrier to dispersal
during the Late Triassic'® (Fig. 1a). To test how inclusion of this north-
ernbelt affected our model, we ran the same biogeographic dispersal
analysis but with the dispersal rate between equatorial Pangaea and
northern Pangaea (eastern and western north Pangaea) changed from
1to 0.5 (Extended Data Fig. 7).

Sources for silhouettes and reconstructions

The Mbiresaurus raathi skeletal reconstruction was by S. Hartman (used
withpermission); the M. raathi silhouette was based on this reconstruc-
tion. The hyperodapedontine rhynchosaur silhouette was by M. Garcia
(used with permission). The cynodontsilhouette was created by C.T.G.
Othersilhouettes are licensed under a Creative Commons Attribution
3.0 Unported license (https://creativecommons.org/licenses/by/3.0/)
and are by S. Hartman (herrerasaurid and aetosaur) or were modified
fromartwork by D. Bogdanov (dicynodont).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data files used for analyses are hosted on Dryad (https://doi.
org/10.5061/dryad.pg4f4qrqd). All fossils are reposited in recognized
natural history institutions. To preserve the integrity of the fossil locali-
ties and the natural history resources of Zimbabwe, we do not present
the geographic coordinate data here. Geographic coordinate dataare
available on request from the NHMZ and are recorded in the speci-
men catalogue and records of the NHMZ for full reproducibility. This
publication and associated nomenclatural acts have been registered
inZooBank as urn:lsid:zoobank.org:pub:BE5720A6-9CE6-48A0-A232-
32A01CC551BO.

Code availability

All code used in this study has been deposited in Dryad (https://doi.
org/10.5061/dryad.pg4f4qrqd).
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a

Extended DataFig.3|Bone histology of Mbiresaurusraathi, gen. et sp.nov.
a, Right tibia of Mbiresaurus raathiholotype (NHMZ 2222) in medial view (red
elementinskeletal reconstruction). Arrow indicates location of histological
sampling. b, Whole-slide image of tibial histology of NHMZ 2222 under
cross-polarized light with waveplate. ¢, Posterolateral portion of the tibial
cortex under cross-polarized light with waveplate. d, Sub-periosteal tissue of
the anteromedial portion of the cortex under cross-polarized light with

waveplate. e, Internal portion of the cortex showing original endosteal
lamellae and compact coarse cancellous bone formed via cortical driftunder
cross-polarized light withwaveplate. Arrow indicates endosteal lamellae (i.e.,
inner circumferential layer). ant, anterior; cccb, compact coarse cancellous
bone; prox, proximal; lat, lateral. Scale bars,a,1cm,b,1mm, c,500 pm,
d,250 um, e,500 pum.
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Bayesian phylogeneticinference, and strict and reduced strict consensus
treesreturned by parsimony-based phylogenetic analyses.a, Maximum
clade credibility (MCC) tree of the Bayesian analysis of the Baron et al.¢"¢3
matrix. Posterior probabilities for each node reportedin the online
supplement. b, MCC tree of the Bayesian analysis of the Cabreira et al.?° matrix.
Posterior probabilities for each node reportedin the online supplement.

¢, MCC tree of the Bayesian Langer et al.” matrix, including Saltopus. Posterior
probabilities for eachnode reportedinthe online supplement.d, Reduced
strict consensus of the Langer et al. parsimony analysis, excluding character
217 (61,408 MPTs 0f 1,958 steps; Cl = 0.269, RI = 0.617). Strict consensus and
supporting synapomorphiesreportedinthe online supplement. e, Reduced
strict consensus of the Langer et al.® parsimony analysis, excluding character
217 and the taxa Saltopus, Agnosophitys, and Nyasasaurus (99,999 [memory
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supporting synapomorphiesreportedinthe online supplement. f,Reduced
strict consensus of the Baron et al.***"® parsimony analysis, excluding
character 217 (99,999 [memory overflow] MPTs 0f 1,923 steps; Cl = 0.274,
RI=0.615). Strict consensus and supporting synapomorphiesreportedin
the online supplement. g, Reduced strict consensus of the Baron et al.>*¢"¢
parsimony analysis, excluding character 217 and the taxa Saltopus,
Agnosophitys,and Nyasasaurus (61,680 MPTs 0f 1,907 steps; Cl = 0.276,
RI=0.619). Strict consensus and supporting synapomorphiesreportedin
the online supplement. h, Reduced strict consensus of the Cabreiraetal.?
parsimony analysis (336 MPTs of 866 steps; Cl=0.336, Rl = 0.631). Strict
consensus and supporting synapomorphies reportedin the online
supplement. i, Reduced strict consensus of the Cabreira et al.* parsimony
analysis excluding Saltopus (84 MPTs of 861 steps; Cl=0.338,RI=0.634). Strict
consensus and supporting synapomorphies reportedin the online
supplement.
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Extended DataFig. 5| Diagnostic features of the Pebbly Arkose Fm.
assemblage, Dande Communal Area. a-c, Gomphodontosuchine
traversodontid cynodont, right dentary, a, lateral, b, medial, ¢, occlusal view.
Gomphodontosuchine synapomorphies® include: anterolingual cusp of lower
postcanines strongly posteriorlyinclined, procumbent lower incisors, reduced
lower canine, labial cusp widest in transverse row of lower postcanines.

d-e, Aetosaur,d, left paramedian osterodermin dorsal view, e, leftiliumin
lateral view. Aetosaurian synapomorphies® include: anterior bar on
paramedian osteoderm, radiate pattern of ornamentation on paramedian
osteoderm. The triangular preacetabular process of the iliumis similar to
many early aetosaurs®”*’. f-h, Herrerasaurid dinosaur, coracoid, f, lateral,

g, medial, h, posterodorsal view. Asin other herrerasaurids**'°°'%, there
isalonghook-like posteroventral process and the coracoid foramenis
anteroventral to the glenoid. i-k, Possible dicynodont, highly weathered trunk
vertebracentrum, i, ?anterior, j, ?posterior, k, ?left lateral view. The size and
general shape of the centrum (amphicoelous, anteroposteriorly compressed,
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articular surfaces tallerand wider thanbody) is consistent with those of
kannemeyeriiform dicynodonts'®. 1, Hyperodapedontine rhynchosaur, large
left maxillain occlusal view. m-o, Hyperodapedontine rhynchosaur, smaller
articulated maxillae and premaxillae originally reported by Raath et al.”’,

m, occlusaln, anterior o, left lateral view. The maxillary grooveisa
rhynchosaurid synapomorphy'®*. Hyperodapedontine synapomorphies
include: broader than deep tooth-bearing area of maxilla; ‘Hyperodapedon
clade’ synapomorphies'®include: > 2 tooth rows medial to maxillary groove.
Thisrhynchosaur lacks synapomorphies of the Teyumbaita clade of
hyperodapedontine rhynchosaurs (7. sulcognathus'® and T. sp>*): two
maxillary grooves that extend anteriorly beyond the posterior third of the
tooth plate (the Zimbabwean form has only one maxillary groove); maxillary
arealateral to main groove narrower than the medial area (also presentin

H. hunei; proportions reversed in Zimbabwean form).Scalebars1cm.

ant, anterior; dor, dorsal; lat, lateral.
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and Cabreiraetal. Bayesiantrees, if Mbiresaurus raathiis Norian in age, if
Lessemsaurus and Ingentia are included in the analysis, and if Bagualosaurus
or Guaibasaurus-aged theropods arerecovered from South America. Our
hypothesis will be falsified if an extremely diverse dinosaurian assemblage is
recovered from the Carnian of northern Pangaea (northern Carnian dinosaur
assemblage). d, Results of the model variant simulating arid belts in the tropics
ofboth northernand southern Pangaea (see Methods); the same general
patternholds, and this patternis disrupted a diverse hypothetical northern
dinosaurianassemblage, and three hypothetical northernsauropodomorphs.
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Extended DataFig. 8| Dispersal rates for the biogeographicdispersal
model. a, Overall dispersal rates, shown between the different regions of
Pangaea.b, The dispersal rates used to define the stepping stone model. ¢, The
dispersalrates used to test for differential dispersalin response to low-latitude

climatic barrier and the breakup of northern Pangaea. Note thatin our model
variantsimulating anorthern Pangaean arid belt (see Methods), the E-EP and
WoEPrateswerechanged from1to0.5.
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Extended DataFig. 9| Further skeletal anatomy of Mbiresaurus raathi,
gen. etsp. nov. Except where noted, all specimens are the holotype (NHMZ
2222).a, Leftfemur, lateral view. b, Left femur, distal view ¢, Left femur,
potentially referable to Mraathi (NHMZ 2223), lateral view. d, Right femur,
potentially referable to Mraathi (NHMZ 2242), lateral view. e, Left maxilla,
occlusomedial view, teeth are numbered. f, Left premaxilla, occlusomedial
view. g, Scanning electron microscope image of premaxillary tooth 4. h, Right
articular, dorsal view. i, Unprepared right frontal, dorsal view, showing frontal
proportions (NHMZ 2222).j, Right tibia, lateral view. k, Right tibia, distal view.
1, left scapulaand coracoid (NHMZ 2547), lateral view. m, left scapulaand
coracoid (NHMZ 2547), posterior view. n, Left humerus, proximal view. o, Right
astragalus, proximal view. p, Leftilium (NHMZ 2547), medial view. q, Left
metatarsall, proximal (top), anterior (middle), distal (bottom) views. r, Left
metatarsalIl, proximal (top), anterior (middle), distal (bottom) views. s, Left

a.mt5

el

metatarsallll, proximal (top), anterior (middle), distal (bottom) views. t, Left
metatarsal IV, proximal (top), anterior (middle), distal (bottom) views. Scale
bars,a-f,h-t,1cm; g, 1 mm.4th, fourth trochanter; a., articulates with; adb,
dorsalbasin of astragalus; amc, anteromedial corner; ap, ascending process;
at, anterior trochanter; ant, anterior; cc, cnemial crest; cf, coracoid foramen;
cor, coracoid; ctf, cristatibiofibularis; dit, dorsolateral trochanter; dpc,
deltopectoral crest; dsr, sacral rib of dorsosacral; fc, fibular crest; g, glenoid
of'scapulaand coracoid; gf, glenoid fossa of the articular; lat, lateral; Ic, lateral
condyle; mc, medial condyle; mt#, metatarsal #; or, orbital rim; plf,
posterolateral flange; ppm, palatal process of the maxilla; rap, retroarticular
process; ru, rugosity; sa, surangular; sca, scapula; srl, sacral rib of primordial
sacrall;sr2,sacral rib of primordial sacral 2; stp, transverse processes of sacral
vertebrae; ts, trochanteric shelf.



Extended DataFig.10 | See next page for caption.
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Extended DataFig.10|Further comparative skeletalanatomy of
Mbiresaurusraathi,gen.etsp.nov.a, Leftilium, Mbiresaurusraathi

(NHMZ 2547), lateral view. b, Rightilium (reversed), Buriolestes schultzi
(ULBRA-PVT280), lateral view. ¢, Rightilium (reversed), Saturnalia tupiniquim
(MCP3846-PV), lateral view.d, Leftilium, Panphagia protos (PVS) 874), lateral
view. e, Leftilium, Adeopapposaurus mognai (PVS) 569), lateral view. f, Left
ilium, Plateosaurus engelhardti (SMNS 91310), lateral view. g, Right dentary,
Mbiresaurusraathi(NHMZ 2222), medial view. h, Left dentary (reversed),
Mbiresaurus raathi (NHMZ 2222), medial view. i, Left dentary (reversed),
Mbiresaurusraathi (NHMZ 2222), lateral view. j, Right dentary, Mbiresaurus
raathi (NHMZ 2222), lateral view. k, Right premaxilla, maxilla, and dentary,
Eoraptorlunensis (PVS) 512), lateral view. 1, Right dentary, Saturnalia

tupiniquim (UFSM 17614), lateral view. m, Left ulna, Mbiresaurus raathi
(NHMZ2222),lateral view. n, Right ulna (reversed), Saturnalia tupiniquim
(MCP 3844-PV); Institutional abbreviationsin online supplement. o, Right
scapula, Mbiresaurus raathi NHMZ 2547), lateral view. p, Left scapula
(reversed), Panphagia protos (PVS) 874), lateral view. q, Left femur, proximal
end, Mbiresaurusraathi (NHMZ 2222), anterolateral view. q, Left femur,
proximal end, Saturnalia tupiniquim (MCP 3844-PV), anterolateral view.
Scalebars1cm.a., articulates with; at, anterior trochanter; bs, brevis shelf;
dlt, dorsolateral trochanter; emg, external mandibular groove; g, glenoid;
lia, lineaintrmuscularis cranialis; ol, olecranon process; sp, splenial;

ts, trochanteric shelf.
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Study description Recovery of fossilized material from the Triassic of Zimbabwe; placing material into a phylogeny of early dinosaurs and using this
phylogeny to test hypothesis of biogeographic dispersal

Research sample Fossils recovered from a single site in the Pebbly Arkose Formation of northern Zimbabwe: a sauropodomorph (Mbiresaurus raathi,
gen. et sp. nov.), a herrerasaurid, a hyperodapedontine rhynchosaur, a traversodontid cynodont, aetosaur

Sampling strategy Standard palaeontological excavation methods
Data collection Anatomical and histological observation
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Reproducibility All fossils reposited in recognized natural history museums
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Blinding NA
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Field conditions
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Access & import/export
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Dry season, warm, mild, no rainfall
Dande Communal Area, Mbire District, Zimbabwe
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Palaeontology and Archaeology

Specimen provenance Zimbabwe. All foreign researchers involved in fieldwork (C.T.G., S.T., S.J.N.) were registered with the Research Council of Zimbabwe
for 2017 and 2019 field seasons (permit number 02991 and 03266 to C.T.G.; 02992 to S.T.; 03267 to S.J.N.).

Specimen deposition Specimens deposited in Natural History Museum of Zimbabwe, Bulawayo, Zimbabwe

Dating methods Detrital zircon dating was attempted, but the obtained age indicated that the processes that created these zircons occurred long
before the deposition of our Carnian locality. Dating was therefore based primarily on biostratigraphy

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight All foreign researchers registered with the Research Council of Zimbabwe.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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