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Caimanines are crocodylians currently restricted to South and Central
America and the oldest members are from lower Palaeocene localities of the
Salamanca Formation (Chubut Province, Argentina). We report here a new
caimanine from this same unit represented by a skull roof and partial
braincase. Its phylogenetic relationships were explored in a cladistic
analysis using standard characters and a morphogeometric two-dimensional
configuration of the skull roof. The phylogenetic results were used for an
event-based supermodel quantitative palaeobiogeographic analysis. The
new species is recovered as the most basal member of the South American
caimanines, and the Cretaceous North American lineage ‘Brachychampsa and
related forms’ as the most basal Caimaninae. The biogeographic results
estimated north-central North America as the ancestral area of Caimaninae,
showing that the Cretaceous and Palaeocene species of the group were more
widespread than thought and became regionally extinct in North America
around the Cretaceous—Palaeocene boundary. A dispersal event from north-
central North America during the middle Late Cretaceous explains the arrival
of the group to South America. The Palaecogene assemblage of Patagonian cro-
codylians is composed of three lineages of caimanines as a consequence of
independent dispersal events that occurred between North and South America
and within South America around the Cretaceous—Palaeogene boundary.

1. Introduction

Modern crocodylian faunas of South America are dominated by several species
of caimanines that inhabit tropical and subtropical freshwater systems [1]. This
group has a long history in the continent that spans most of the Cenozoic and
achieved in some palaeoecosystems a considerably broader taxonomic diversity
than today [2—-5]. The evolutionary history of Caimaninae is mostly restricted to
South America and two main events are recognized [4-7], a first appearance of
the group with a limited morphological disparity in the early Palaeogene and a
subsequent explosive taxonomic and ecomorphological diversification during
the early Neogene [5]. The oldest caimanines are known from the early Palaeo-
cene of the Argentinian Patagonia (i.e. Eocaiman palaeocenicus, Necrosuchus
ionensis and Notocaiman stromeri) [2,3,6-10] and, although fragmentary, they
provide key morphological information that sheds light on the origin of this
clade. The closest relatives of the caimanines are Laurasian species and, as a
result, their presence in the Palaeocene of South America has been explained
by vicariance or dispersal events crossing marine barriers [2,4,7,11].

Here, we describe the new caimanine genus and species Protocaiman peligrensis
from the earliest Palaeocene (Danian) of Patagonia, Argentina, based on a skull
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roof and partial braincase, regions of the skull previously
unknown in the other Palaecocene Patagonian species. This
new specimen has a direct and important impact on the phylo-
genetic relationships of basal caimanines and other alligatorids,
and forces the re-evaluation of previous hypotheses of the early
historical biogeography of these crocodylian lineages.

2. Material and methods

(a) Phylogenetic analysis

The phylogenetic position of P. peligrensis was tested using the data
matrix of Brochu [6] as modified by Salas-Gismondi et al. [5].
The new taxon, three other Palaeocene South American caimanines
(Eocaiman palaeocenicus, Eocaiman itaboraiensis and No. stromeri) and
two allodaposuchids (Agaresuchus fontisensis and Allodaposuchus
precedens) were added to this data matrix and Melanosuchus fisheri
was excluded (see electronic supplementary material, text SIII).
Scorings for Globidentosuchus and Centenariosuchus were modified
following [12]. The skull roof of P. peligrensis closely resembles
that of some North American alligatoroids and this region seems
to be potentially very informative to reconstruct the phylogenetic
relationships of, at least, this part of the crocodylian tree. As a
result, the postorbital region of the skull roof in the dorsal view
was sampled using two-dimensional landmarks for 38 alligatoroid
species and used as a morphogeometric character [13] (see elec-
tronic supplementary material, text SIII, figure S5, tables S2 and
S3). Two analyses were conducted, the first including all the
standard characters and the second adding the morphogeometric
configuration and deactivating its non-independent standard char-
acters (electronic supplementary material, text SIIT and figures S3
and S4). In addition, we conducted three alternative analyses
merging Protocaiman with the other three Argentinian Palaeocene
caimanines and using only standard characters (electronic
supplementary material, text SIII). All the apomorphies listed
below are unambiguous optimizations. Branch supports were
calculated as Bremer supports, and absolute and GC (group
present/ contradicted) bootstrap frequencies.

(b) Biogeographic analysis

The historical biogeography of Caimaninae was estimated using an
event-based quantitative analysis based on the phylogenetic results
recovered here. The range of chronostratigraphic uncertainty of
each species was listed in millions of years and their geographical
range was sampled as palaeolatitudes and palaeolongitudes (elec-
tronic supplementary material, text SIV and tables S4 and S5). We
conducted a k-means multivariate cluster analysis of 10 groupings
based on the palaeocoordinates of 369 eusuchian specimens—
representing all the occurrences stored in the PaleoBiology
Database and the Global Biodiversity Information Facility—in
order to determine the geographical areas to be used in the analysis.
This cluster analysis was performed in R [14] with 1000 replicates.
The following 10 areas were recovered and approximately
comprise the following extant locations: (i) northern Central
America + southern North America, (ii) north-eastern North
America, (iii) eastern Africa + Madagascar, (iv) western Oceania,
(v) Europe + northern Africa, (vi) north-western North America,
(vii) south-central Asia, (viii) southern South America, (ix) northern
South America and Panama, and (x) north-central North America
(electronic supplementary material, figure S6).

The datasets were analysed using different likelihood
versions of the following palaeobiogeographic models:
dispersal—extinction—cladogenesis (DEC), DEC + ], dispersal
vicariance analysis (DIVALIKE), DIVALIKE + ], BAYAREALIKE
and BAYAREALIKE +] (4] models include founder-event
speciation or long-distance dispersal; see [15]) using the R pack-
age BioGeoBEARS [15]. The analysis was conducted on a

randomly selected, time-calibrated reduced MPT recovered
from the data matrix including only standard characters and
excluding Allognathosuchus polyodon (electronic supplementary
material, text SIV, figure S7 and table S6).

3. Results

(a) Systematic palaeontology
Crocodyliformes [16]; Alligatoroidea [17]; Globidonta [4];
Caimaninae [4].

Protocaiman peligrensis, gen. et sp. nov.

Etymology: Protos, first (Greek); caiman (in reference to the
extant genus Caiman); peligrensis (in reference to its type
locality Punta Peligro).

Holotype: Museo de La Plata (MLP) 80-X-10-1, partial
skull, including the skull roof (missing the anterior end of
the frontals and snout), lateral walls of the braincase (lacking
the basicranium), most of the occipital table, and left quadrate
(figure 1; electronic supplementary material, figures S2, S3
and S4c).

Locality and horizon: Punta Peligro locality, Patagonia,
Chubut Province, Argentina, upper levels of the Salamanca
Formation [18], upper Danian, lowermost Palaeocene [19]
(electronic supplementary material, text SI and figure S1).

Diagnosis: Stem-caimanine diagnosed by the following
autapomorphies: frontoparietal deeply
within supratemporal fenestra, preventing broad contact

suture extends

between postorbital and parietal; squamosal extends ventro-
laterally to lateral extent of paroccipital process; surface of the
paroccipital process anterodorsally sloped, visible in the
dorsal view; and ventral border of otoccipital convex and
ventrally projected, hiding the posterior opening of the
cranioquadrate passage in the occipital view.

Taxonomic nomenclature: We follow the original definition
of Caimaninae as a stem-based clade that comprises Caiman
and taxa closer to it than to Alligator [4].

General description: The ornamentation of the external sur-
face of the preserved dermal cranial bones (parietal,
postorbital, frontal and squamosal) resembles that of most
alligatoroids. It consists of large pits in the central area of
the bones and smaller pits on the lateral and posterior
edges of the skull roof and the posterolateral process of the
squamosal. The dorsal surface of the frontal and parietal pos-
sesses conspicuous depressions along their median line,
forming small longitudinal median crests. The posteromedial
margins of the external supratemporal fenestrae and orbits
are formed by rounded edges that are flush with the rest of
the skull roof surface (electronic supplementary material,
figure S2 and table S1).

In the dorsal view, the skull roof is subrectangular, wider
than long, with the lateral margins converging anteriorly,
as occurs in some North American Cretaceous alligatoroids
(e.g. Brachychampsa [20]; Stangerochampsa [21]; electronic
supplementary material, figure S4). Most of the posterior
margin of the skull roof is transversely straight, but the
subtriangular posterolateral process of the squamosal is pos-
terolaterally oriented (figure 1a). The interfenestral bridge is
narrower than the interorbital bridge, as in Brachychampsa
[20] and Stangerochampsa [21]. By contrast, the interfenestral
bridge is broader than the interorbital bridge in the early
caimanines Kuttanacaiman and Gnatusuchus [5]. Each external
supratemporal fenestra is wider than the interfenestral

£4808L07 18T g 20§ 'Y 0id  biobuiysigndiianosjeforqdss H



efg

Figure 1. Holotype of P. peligrensis nov. gen. et nov. sp. (MLP 80X-10-1) in (a) dorsal, (b) occipital and (c) left lateral views. Scale bar equals 5 cm. efg, ear-flap
groove; esf, external supratemporal fenestra; fa, foramen aerum; fm, foramen magnum; fr, frontal; isf, internal supratemporal fenestra; la, laterosphenoid; oa, otic
aperture; pa, parietal; pfo, preotic foramen; plp, posterolateral process of the squamosal; po, postorbital; pp, postoccipital process; ppr, paroccipital process; ptf, post-
temporal fenestra; q, quadrate; sj, suture surface for the jugal; so, supraoccipital; sq, squamosal; sqj, suture surface for the quadratojugal; tof, temporo-orbital
foramen; IX—XI, metotic foramen; XII, hypoglossal foramen. (Online version in colour.)

bridge and oval, slightly longer than wide. The relative size
of the external supratemporal fenestrae resembles that
of Brachychampsa, Stangerochampsa and the enigmatic
Culebrasuchus [22], but these openings are proportionally
smaller in the early caimanines Gnatusuchus, Globidentosuchus
and Kuttanacaiman [5]. The huge temporo-orbital foramen
is observed through the external supratemporal fenestra
(electronic supplementary material, figure S2) and opens at
the posterior wall of the dorsally facing supratemporal
fossa. The frontoparietal suture is placed on the interfenestral
bridge and is slightly anteriorly concave. This suture extends
ventrally through the medial wall of the supratemporal fossa,
preventing a broad contact between the postorbital and par-
ietal, which is a plesiomorphic condition of Eusuchia [5,6].
By contrast, a parietal-postorbital contact excludes the
frontal from the border of the fenestra in the early caimani-
nes Globidentosuchus, Gnatusuchus and Kuttanacaiman |[5]
(electronic supplementary material, figure S4). The supraocci-
pital extends slightly onto the posterior border of the skull

roof and forms a semicircular suture with the parietal, as in
other basal globidontans (figure 1a,b).

In the occipital view, the dorsal margin of the occipital
table is mostly straight, but slightly elevated at the base
of the squamosal posterolateral process. The surface of the
occipital table (formed by the supraoccipital, squamosal
and most of the otoccipital) is strongly concave. The surface
of the otoccipital faces posterodorsally and forms a distinct
change in slope with its posteroventrally facing ventral
portion. The supraoccipital occupies most of the area above
the foramen magnum, but it does not participate on its
border. The ventral margin of the paroccipital process forms
a conspicuous, rounded crest that projects ventrally beyond
the ventromedial margin of the quadrate, a condition that
seems to be unique among alligatoroids. The metotic foramen
and part of the carotid canal are placed ventral and medial
to the paroccipital process and lateral to the foramen
magnum. Foramina for the passage of the CN XII; (ventral
and smaller) and CN XII, (dorsal and medial) are medial to
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the metotic foramen (figure 1b; electronic supplementary
material, figure S3).

The ventral articular end of the quadrate is transversely
broad and anteroposteriorly short, similar to Brachychampsa
and Stangerochampsa [20,21], but contrasting with the
proportionally longer and medially bowed quadrate of
Kuttanacaiman and modern caimanines [4,5]. As in other
caimanines, the lateral condyle of the ventral end of the
quadrate is broader than the medial one. The contact surface
for the quadratojugal indicates that this bone may have
formed part of the lateral ventral condyle of the quadrate
(figure 1a,c; electronic supplementary material, figure S3).

(b) Phylogenetic analysis

The analysis of the data matrix composed of standard charac-
ters found 60 MPTs of 728 steps and that including the
morphogeometric 16 MPTs of
700.19881 steps (electronic supplementary material, figure

configuration found
S7 and text SIII). The topologies of the strict consensus trees
of both analyses are generally consistent between each
other and broadly congruent with the results of previous
authors that used modified versions of this dataset (e.g.
[5,6]). However, the inclusion of P. peligrensis generated
some changes around the base of Alligatoroidea. The clade
composed of the North American Brachychampsa (Brachy-
champsa montana and Brachychampsa sealeyi), Albertochampsa
and Stangerochampsa (hereafter called ‘Brachychampsa and
related forms’) is unambiguously recovered as the most
basal caimanines sensu [4], being the sister taxon of all the
South American species of the group (figure 2; electronic sup-
plementary material, figures S6 and S7). The monophyly of
Caimaninae—and the position of the four North American
species within the clade—is supported by a proatlas without
an anterior process (3: 0 — 1) and an angular not extended
dorsally beyond the anterior end of the foramen intermandi-
bularis caudalis (65: 0 — 1) in all trees and external nares that
are dorsally facing (81: 0 — 1) in some trees. Protocaiman
peligrensis is found as the sister taxon to all other South
American caimanines because of the presence of dermal
bones of skull roof overhanging the rim of the external
supratemporal fenestrae (152: 0 — 1) and medial parietal
wall of external supratemporal fenestra bearing foramina
(154: 0 — 1). By contrast, the new species is excluded from
the clade composed of Gnatusuchus pebasensis and more
derived caimanines because it retains a small exposure of the
supraoccipital on the skull roof, allowing the parietal to
reach the posterior edge of the skull roof. These branches are
also supported by landmark transformations shown in
figure 2. Notocaiman and the three species of Eocamian are
recovered in a monophyletic group of unresolved internal
relationships, which is the sister clade of Kuttanacaiman and
more derived caimanines.

(c) Biogeographic analysis

The biogeographic analysis found that DEC + ] is the palaeo-
biogeographic model that best fit our data (electronic
supplementary material, text SIV). North-central North
America was estimated as the most probable ancestral geo-
graphical area of Alligatoroidea, Globidonta, Alligatoridae
and Caimaninae (figure 2; electronic supplementary material,
figure S13). The estimation of the latter clade is because of the
geographical occurrence of Brachychampsa and related forms.

A dispersal event (range switch) is estimated from ‘north-
central North America’ to ‘north-western North America’ at
the base of Alligatorinae. Within Caimaninae, a dispersal
event from ‘north-central North America’ to South America
(with a slightly higher probability to the southern region of
the continent) is recovered during the middle Late Cretac-
eous (approx. 85-90 Ma). In the early evolutionary history
of the South American caimanines, there are three dispersal
events among the Palaeogene branches. Two independent
dispersals from northern to southern South America to
explain the occurrence of Necrosuchus in Patagonia and Eocai-
man spp.—Notocaiman in Patagonia and central-east Brazil,
and one or probably two from the area that includes north-
ern South America and Panama to North America to
account for the presence of Tsoabichi and Orthogenysuchus
in the latter continent during the late Palaecogene [11].

4. Discussion

(a) The phylogenetic relationships of Cretaceous—
Palaeogene caimanines

Protocaiman  peligrensis lacks overlapping bones with the
hypodigms of the two other crocodylian species from the
Salamanca Formation (i.e. E. palacocenicus and Ne. ionensis
[7,9]). The phylogenetic position found for the new specimen
is currently the only evidence that we have to decide on its
taxonomy. Its placement as the most basal South American
caimanine—whereas the other two species from the same
unit are more derived—supports that it very likely belonged
to a new genus and species (figure 2; electronic supplemen-
tary material, figures S3 and S4). The alternative analyses
merging Protocaiman and the other Argentinian Palaocene
caimanines into the same terminals found longer optimal
trees than the first analysis (electronic supplementary
material, figures S9-S11). This is a hypothesis that can be
tested in the future with the discovery of other Palacocene
caimanines with overlapping bones. Despite the presence
of typical caimanine apomorphies in Protocaiman, the overall
morphology of its skull roof resembles more that of Brachy-
champsa and related forms rather than species traditionally
included within Caimaninae [4,6] (figure 2; electronic sup-
plementary material, figure S2). Indeed, the optimization of
the morphogeometric configuration of the skull roof in the
phylogeny shows that Protocaiman retains a skull roof mor-
phology very similar to that of the ancestral node of
Caimaninae, and distinct transformations occur in the node
that includes Gnatusuchus and more derived members of
the clade (e.g. narrower external supratemporal fenestrae
and more posteriorly expanded median region of the skull
roof) (figure 2: thick blue lines in the morphogeometric
configurations). phylogenetic  analyses
Brachychampsa and related forms as either the most basal alli-

Recent found
gatorines or caimanines (e.g. [5,6]). Protocaiman bolsters the
hypothesis of Brachychampsa and related forms as North
American caimanines and here it is the first time that
Mesozoic caimanines are recognized unambiguously.

(b) Biogeographic history of early caimanines

The general consensus among previous authors is that the ear-
liest evolutionary and biogeographic history of Caimaninae
was mostly restricted to the Cenozoic of South America
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Figure 2. Time-calibrated strict consensus tree, from the analysis using only standard characters, showing the phylogenetic relationships of P. peligrensis nov. gen. et nov.
sp. and other globidontans, and their estimated biogeographic history (pie charts). 1—6, optimization of the two-dimensional morphogeometric configuration of the skull
roof in dorsal view in the analysis using combined characters. 1, Stangerochampsa; 2, hypothetical ancestor of Caimaninae; 3, hypothetical ancestor of South American
caimanines; 4, Protocaiman; 5, hypothetical ancestor of South American caimanines excluding Protocaiman; 6, Gnatusuchus. Placement of landmarks exemplified in the
partial skull roof of Protocaiman. Letters representing geographical areas are detailed in Material and methods. |—II, palaeogeography of the American continent and
estimated dispersal events with their placement in the phylogeny during I, the Late Cretaceous and I, Palaeogene. (Online version in colour.)

[3-6,11]. However, contrasting with this traditional view, the
results of our analyses indicate that the clade had a North
American origin, was geographically more widespread than
thought and North American caimanines become regionally
extinct as victims of the Cretaceous—Palaecogene mass extinc-
tion. The earliest biogeographic event estimated here within
Caimaninae is the dispersion of the clade into South America
during the Late Cretaceous. It is interesting to note that the
tempo and directionality of this biogeographic dispersal
match those previously proposed for other terrestrial tetrapods,
such as amphibians, squamates, testudines [23,24], hadrosauri-
form dinosaurs [25] and dryolestoid mammals [26]. The
occurrence of dispersal events between North and South
America during the latest Cretaceous has been explained
through the establishment of an intercontinental land bridge
that severed subsequently in the Palaeogene [24,27,28].

The ancestral geographical distribution of the caimanines
more derived than P. peligrensis in the area that includes
northern South America and Panama during the late

Palaeogene and Neogene (e.g. [29]) can be explained by a dis-
persal event from southern South America or that the group
was originally geographically widespread across the conti-
nent during the latest Cretaceous—early Palaeogene. The
phylogenetic relationships of basal caimanines indicate that
the Palaeogene assemblage of Patagonian crocodylians is
composed of three independent lineages without evidence
of a sympatric diversification. As a result, the taxonomic
diversity of Patagonian caimanines is a consequence of inde-
pendent dispersal events that occurred between North and
South America and within South America before and/or
immediately after the Cretaceous—Palaeogene boundary. Pre-
vious studies suggested a positive correlation between global
mean temperature and latitudinal range in crocodylians [30].
The presence of caimanines in the high southern latitudes of
Patagonia in the early Palaeogene may have been prompted
by the high global temperatures reconstructed around the
late Palaeocene thermal maximum and the early Eocene
climatic optimum [31].
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