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Abstract:
eages that still has living representatives. Today, most of its
six extant species are restricted to South and Central Amer-
ica. However, recent discoveries have revealed a more com-

Caimaninae is one of the few crocodylian lin-

plex evolutionary history, with a fossil record richer than
previously thought and a possible North American origin.
Among the oldest caimanines is Eocaiman cavernensis, from
the Eocene of Patagonia, Argentina. It was described by
George G. Simpson in the 1930s, representing the first
caimanine reported for the Palaeogene. Since then, E. caver-
nensis has been ubiquitous in phylogenetic studies on the
group, but a more detailed morphological description and
revision of the taxon were lacking. Here, we present a
reassessment of E. cavernensis, based on first-hand examina-
tion and micro-computed tomography of the holotype, and
reinterpret different aspects of its morphology. We explore
the phylogenetic affinities of E. cavernensis and other

caimanines using parsimony and Bayesian inference
approaches. Our results provide evidence for a monophyletic
Eocaiman genus within Caimaninae, even though some
highly incomplete taxa (including the congeneric Eocaiman
itaboraiensis) represent significant sources of phylogenetic
instability. We also found Culebrasuchus mesoamericanus as
sister to all other caimanines and the North American glo-
bidontans (i.e. Brachychampsa and closer relatives) outside
Caimaninae. A time-calibrated tree, obtained using a fos-
silized birth—-death model, shows a possible Campanian ori-
gin for the group (76.97 £+ 6.7 Ma), which is older than the
age estimated using molecular data, and suggests that the
earliest cladogenetic events of caimanines took place rapidly

and across the K-Pg boundary.

Key words: Caimaninae, morphology, CT scan, evolution,
Bayesian inference, fossilized birth—death model.

AT present, six extant species of Caimaninae are dis-
tributed within the genera Caiman, Melanosuchus and
Paleosuchus. These are found mostly in South and Central
America (the only exception is Caiman crocodilus, the dis-
tribution of which extends as far north as southern Mex-
ico; Thorbjarnarson 1992; Brochu 1999, Grigg & Kirshner
2015). Phylogenetically, Caimaninae is defined as the
group that includes C. crocodilus and all crocodylians clo-
ser to it than to Alligator mississippiensis (Brochu 1999,
2003). It belongs to Alligatoroidea, one of the three main
lineages of the crown-group Crocodylia, together with
Crocodyloidea and Gavialoidea (Brochu 1999, 2003).

© 2020 The Palaeontological Association

Within Alligatoroidea, the sister group of Caimanine is
Alligatorinae, which is currently represented by only two
extant species: A. mississippiensis of North America and
A. sinensis from China (Grigg & Kirshner 2015). Never-
theless, compared with Caimaninae, the fossil record of
Alligatorinae has been historically regarded as much
richer (Brochu 2010), with a more widespread geographic
distribution and several species documented for the
Cenozoic (Brochu 1999, 2003; Whiting et al. 2016).

In the twenty-first century, however, new discoveries
have revealed a higher diversity of Caimanine during the
Cenozoic, especially in South America, but also with
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important findings from Central and North America
(Aguilera et al. 2006; Bona 2007; Brochu 2010; Fortier &
Rincén 2013; Hastings et al. 2013; Pinheiro et al. 2013;
Scheyer et al. 2013, 2019; Salas-Gismondi et al. 2015;
Cidade et al. 2017; Bona et al. 2018; Souza-Filho et al.
2019). These new studies and findings added complexity
to both the phylogenetic and the biogeographical histories
of caimanines. For instance, the discovery of a diverse
Miocene caimanine fauna from Central America, as well
as even more fossils from South America (Hastings et al.
2013; Scheyer et al. 2013; Salas-Gismondi et al. 2015),
revealed some species bearing a mosaic of features. Addi-
tionally, the presence of North American taxa deeply
nested within Caimaninae (Brochu 2010; Cossette & Bro-
chu 2018) has puzzled researchers about the group’s bio-
geographic history.

In this context, Eocaiman cavernensis (Fig. 1) has a cen-
tral role in improving our understanding of caimanine
evolution. Described by the prominent palacontologist
George G. Simpson (Simpson 1933a) from Eocene rocks
of Argentina, this was the first caimanine species reported
for the Palaeogene. Most early phylogenetic studies placed
E. cavernensis as the sister taxon of all other caimanines
(Brochu 1999, 2010, 2011). But in the last decade,
increased interest in the group was promoted by new fos-
sil discoveries, which led to updated phylogenetic
hypotheses for caimanines, with alternative positions for
E. cavernensis (e.g. not necessarily in a sister taxon rela-
tionship with all other caimanines; Hastings et al. 2013,
2016; Scheyer et al. 2013; Salas-Gismondi et al. 2015;
Bona et al. 2018). Additionally, two other Eocaiman spe-
cies were proposed, E. palaeocenicus and E. itaboraiensis
(Bona 2007; Pinheiro et al. 2013), adding complexity to
the biogeographical and phylogenetic histories of the
genus as well as to Caimaninae.

In this study, we provide a detailed redescription of
E. cavernensis, based on first-hand examination of the
type specimen, as well as on micro-computed tomogra-
phy (LCT) data. We use the new information to provide
a comprehensive morphological comparison with other
caimanines and to rescore this taxon into a recent phylo-
genetic data matrix. Phylogenetic analyses are performed
using both maximum parsimony and Bayesian inference,
this latter approach applied for the first time in the con-
text of Caimaninae (i.e. using only morphological charac-
ters). We also combined the resultant topology of
Caimaninae with information on taxon ages to obtain a
time-calibrated phylogeny of the group using the fos-
silized birth—death (FBD) process, in a Bayesian frame-
work. These results are then used for discussing
palaeoecological and palaeobiogeographical implications
for the group.

HISTORICAL BACKGROUND AND
GEOLOGICAL SETTING

The Scarritt Patagonian Expeditions and the discovery of
Eocaiman cavernensis

Between 1930 and 1933, two great expeditions to
southern Argentina, known as the Scarritt Patagonian
Expeditions, were conducted by the American Museum
of Natural History (Madden & Scarano 2010). They
were led by the eminent palaeontologist George G.
Simpson and yielded several Cenozoic vertebrate fossils.
Detailed records of this expedition can be found in
Simpson’s field notebooks (Simpson 1930a, b) and in
his book Attending marvels: A Patagonian journal
(Simpson 1934a), in which he mentions dozens of fos-
sils collected, mainly mammals. One of the most
important sites explored during the first expedition
(1930-1931) was the Gran Barranca (Fig. 2), in the
Chubut Province (Madden & Scarano 2010). This local-
ity provided some fossil reptiles, including the gigantic
snake Madtsoia bai (Simpson 1933b) and the crocody-
lian E. cavernensis (Simpson 1933a).

In a short descriptive paper, Simpson (1933a) classi-
fied Eocaiman cavernensis as ‘a true crocodilid or alliga-
torid’, closely related to ‘Caiman and Jacaré (both of
which are now assigned to the genus Caiman). This
was subsequently corroborated by several phylogenetic
studies, which consistently included E. cavernensis
within Caimaninae (Brochu 1999, 2010, 2011; Hastings
et al. 2013, 2016; Scheyer et al. 2013; Pinheiro et al.
2013; Salas-Gismondi et al. 2015; Bona et al. 2018).
However, even though E. cavernensis has been continu-
ally present in numerous phylogenetic analyses since
Simpson’s work (1933a), no detailed descriptive work
was conducted for the specimen, which lacks a robust
assessment of its morphology.

Geology of the Gran Barranca

Simpson used the term ‘Notostylops Beds’ to refer to the
geological unit that yielded E. cavernensis, following the
prior designation of Florentino Ameghino (Ameghino
1906; Simpson 1933a). In the subsequent years, different
names were proposed for the different units of the Gran
Barranca (e.g. Simpson 1933¢; Cifelli 1985), until Spalletti
& Mazzoni (1977, 1979) combined all of them into the
Gran Barrancan Member, which was proposed as the low-
est member of the Sarmiento Formation (Fig. 2). Finally,
Ré et al. (2010) proposed the name ‘Simpson’s Y Tuff
for the specific rock layer originally known as Notostylops
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FIG. 1. Holotype of Eocaiman cavernensis (AMNH FARB 3158). A, dorsal view of the skull. B, ventral view of the skull. C, left lateral
view of the skull. D, dorsal view of the mandible. E, ventral view of the mandible. F, left lateral view of the mandible. Scale bar repre-

sents 2 cm. Photographs by Mick Ellison.
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FIG. 2. A, maps depicting the location of the Gran Barranca site (red arrow) in South America and Argentina, where the fossil
remains of Eocaiman cavernensis were collected during the first Scarritt Patagonian Expedition (1930-1931), led by George G. Simpson.
B, schematic stratigraphy of the Cenozoic of central Patagonia, illustrating the middle Eocene age of the Gran Barrancan Member of

the Salamanca Formation. Modified from Bellosi (2010).

Beds, but still included it as part of the Gran Barrancan
Member.

The precise age of these rocks has been controver-
sial. Simpson (1933a) first suggested an Eocene age for
the Notostylops Beds. Nevertheless, without a precise
date for the entire mammalian fauna (which represents
most of the fossils found in these rocks), it has been
referred to the Casamayoran South American Land
Mammal Age (SALMA), one of three SALMAs recog-
nized in the Eocene of South America (Kay et al.
1999). Cifelli (1985) then divided the so-called
Casamayoran age into two Eocene subages, Barrancan
and Vacan, including the Notostylops Beds in the for-
mer (which is older than the Vacan). More recently,
Ré et al. (2010) used physical stratigraphy, *°Ar/>°Ar
dating analysis, and magnetic polarity stratigraphy to

date the Gran Barrancan Member. They proposed that
the Barrancan age would range from 41.6 to 39.0 Ma,
which corresponds to a Lutetian—Bartonian (middle
Eocene) age according to the International Commission
on Stratigraphy (Cohen et al 2013; v2020/01). A Bar-
tonian age was specifically obtained for the Simpson’s
Y Tuff (= Notostylops Beds), with a mean age of
39.85 Ma estimated for its rocks.

MATERIAL AND METHOD
The genus Eocaiman

The presence of E. cavernensis in nearly all morphology-
based phylogenetic studies of Caimaninae illustrates its
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historical and phylogenetic significance. It represents the
type species of the genus Eocaiman and was described by
Simpson (1933a) based on a single specimen (AMNH
FARB 3158), consisting of a partial skull and almost com-
plete lower jaws (Fig. 1). More recently, two other species
were described for the genus. Bona (2007) erected
E. palaeocenicus based on 13 specimens (MPEF-PV 1933
(holotype), 1935, 1936, MLP 90-11-12-117, 90-II-12-124,
93-XII-10-11, 93-XII-10-13, 95-XII-10-20, 95-XII-10-27,
MACN-PV CH 1914, 1915, 1916 and 1627) from the
Salamanca Formation (early Paleocene) of Argentina, all
of which correspond to mandibular elements or teeth (see
also Gasparini 1981, 1996). A third species, E. itaboraien-
sis, was proposed by Pinheiro et al. (2013) based on four
specimens (three partial left dentaries and one tooth;
MCT 1791-R (holotype); MCT 1792-R; MCT 1793-R;
MCT 1794-R), from the Itaborai Basin (late Paleocene) of
Brazil. Therefore, E. cavernensis is stratigraphically the
most recent of the three Eocaiman species, as well as the
only one with associated cranial material.

In addition, other specimens have tentatively been
referred to the genus Eocaiman. Langston (1965) referred
to Eocaiman sp. two fragmentary dentaries (UCPM 38878
and UCPM 39023) from the middle Miocene Honda
Group, in La Venta, Colombia (Flynn & Swisher 1995).
Although the referral of these dentaries to the genus is
nearly consensual, further assessment is required to assign
them to any of the three species or to a new taxon (Pin-
heiro et al. 2013). Additionally, an Argentinian specimen
housed at the American Museum of Natural History
(AMNH FARB 19170) has also been assigned to Eocai-
man. The specimen is a partial skull (missing most of its
rostral and caudal portions), and associated vertebral
fragments. According to the museum catalogue card, the
material was collected by J. L. Minoprio, in rocks of the
‘Divisadero Largo Formation’ (possibly middle Eocene;
Cerdeno et al. 2008; Lopez 2010), west of the city of
Mendoza. However, even though previous studies have
considered this specimen as belonging to E. cavernensis,
even to the extent of scoring discrete characters based on
it (Brochu 1999, Fortier & Rincdén 2013; Pinheiro et al.
2013; Fortier et al. 2014), further and more detailed
investigation is still necessary to confirm its affinities to
the species or the genus. For this reason, we did not
assume AMNH FARB 19170 as referable to E. cavernensis,
and therefore did not consider this specimen in the pre-
sent morphological redescription.

Micro-computed tomography

The type specimen of E. cavernensis (AMNH FARB 3158)
was PCT scanned at the Microscopy and Imaging Facility
of the AMNH, using a GE phoenix v|tome[x s240 scanner
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(Godoy et al. 2020). The scan resulted in 3515 slices, with
a resolution of 1000 pixels, voxel size of 0.05517678 mm,
magnification ratio of 3.62471325, voltage of 180 kV, and
current of 200 pA. Initial visualization of slices, as well as
virtual 3D reconstruction and rendering were performed
using Volume Graphics VGStudio Max version 2.2, avail-
able at the Microscopy and Imaging Facility (AMNH).
Segmentation of bones and selected structures was
achieved with VGStudio Max version 3.0, available at the
vertebrate palacontology laboratory of Dr Alan Turner, at
Stony Brook University.

Phylogenetic analysis

The morphological data matrix used for the phylogenetic
analysis performed herein is a modified version of the data-
set presented by Cidade et al. (2020a), which is the most
recent of a series of data matrices originating from the work
of Brochu (1999, 2011). In terms of taxon sampling, we
included Protocaiman peligrensis and excluded UCMP
39978 from the matrix of Cidade et al. (2020a). The scor-
ings of Protocaiman peligrensis, a putative caimanine from
the Paleocene of Argentina, follow the morphological
description in Bona et al. (2018). The exclusion of UCMP
39978, a specimen attributed to Caiman cf. lutescens by
Langston (1965), was based on the taxonomic revision of
Caiman lutescens presented by Bona et al. (2012), which
assigned this specimen to Caiman latirostris.

The scorings of E. cavernensis were based solely on the
type specimen (AMNH FARB 3158) and did not consider
the specimens from the Miocene of Colombia (UCPM
38878 and UCPM 39023) or the one from Mendoza,
Argentina (AMNH FARB 19170). Apart from the scorings
of E. cavernensis, which were thoroughly reassessed here,
we also rescored two characters for Purussaurus brasilien-
sis, and one character each for Eocaiman palaeocenicus,
Globidentosuchus brachyrostris, and Bottosaurus harlani
(for details about rescorings and justifications, see Godoy
et al. 2020, supporting information). The final matrix was
constructed using Mesquite version 3.51 (Maddison &
Maddison 2018) and is available in Godoy et al. (2020).
It contains the same 187 unordered and non-additive
characters of the dataset of Cidade et al. (2020a) and
includes 94 eusuchian taxa (88 crocodylians and 6 non-
crocodylian eusuchians, with Bernissartia fagesii as the
operational outgroup for all phylogenetic analyses).

Phylogenetic analysis was performed with equally
weighted parsimony, using TNT version 1.5 (Goloboff
et al. 2008; Goloboff & Catalano 2016). A heuristic tree
(‘traditional’) unconstrained search was conducted per-
forming 20 000 replicates of Wagner trees (using ran-
dom addition sequences, RAS) with random seed value
set to 0, followed by tree bisection and reconnection
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(TBR) branch swapping and 10 trees saved per replica-
tion. Another round of TBR branch swapping was per-
formed on the best trees obtained at the end of the
replicates (saved in memory) and trees were collapsed
after the searches. Node retention in most parsimonious
trees (MPTs) was measured by calculating Bremer sup-
ports (Farris et al. 1982; Bremer 1988, 1994). Absolute
Bremer support values were obtained using 10 searches
of 200 replications each, using TBR branch swapping
and retaining up to 20 trees during each replication
(commands: hold 10 000; subopt N; mult = tbr replica-
tions 200 hold 20; bb = fill). After each run, trees were
exported as .ctf files, and TNT memory was erased
(command: keep 0). After 10 runs, the total 100 000
trees were imported to TNT and used to calculate abso-
lute Bremer support values (commands: shortread
trees.ctf; bsupport).

Furthermore, we also applied the iterative PCR
(IterPCR) protocol (Pol & Escapa 2009) for identifying
potentially unstable taxa. Within the context that problem-
atic taxa (usually highly fragmented ones) can generate
numerous MPTs and a poorly resolved strict consensus,
Pol & Escapa (2009) developed this protocol for automati-
cally detecting unstable taxa, avoiding a priori exclusions.
This method measures the relative stability of direct
descendants of polytomies within the strict consensus,
obtaining the PCR measure (reduced positional congru-
ence; Estabrook 1992; Pol & Escapa 2009). We initially
applied the faster version of this protocol, using the TNT
implementation established by Goloboff & Szumik (2015;
command: pcrprune). However, in order to obtain a better
visual representation of the alternative positions of unsta-
ble taxa, we also used the script designed for the GUI ver-
sion of TNT. We followed the recommendations in Pol &
Escapa (2009), which are specific for when the TNT GUI
script is used with more than 100 000 MPTs, and used only
a set of randomly sampled trees for diminishing computa-
tional time (e.g. for sampling 2000 trees, commands were:
tgroup = 0*2000; followed by tchoose {0}). After that, we
selected some of the most unstable taxa within the scope of
Caimaninae phylogeny and removed those from the final
matrix. Then, additional heuristic tree searches were per-
formed, without those unstable taxa, but using the same
search parameters as the original search. Bremer support
values were also calculated for the MPTs of these additional
analyses.

As sensitivity analyses, we also used Bayesian infer-
ence to estimate the phylogeny of Caimaninae, using
MrBayes version 3.2.6 (Ronquist ef al. 2012a). With the
same morphological data matrix used for the parsimony
analyses, we performed two independent runs of Mar-
kov chain Monte Carlo (MCMC) analyses, using the
Mkv model (Markov k-state variable model, with rate
variation across characters sampled from a gamma

distribution; Lewis 2001). During each run, four chains
of 5 million generations were performed. Convergence
of both runs was assessed using the potential scale
reduction factor (PSRF, with values approaching 1.0
indicating convergence) and average standard deviation
of split frequencies (values below 0.01). Trace files were
also examined using Tracer version 1.7.1 (Rambaut
et al. 2018), with effective sample size (ESS) values
above 200 indicating that the runs reached a stationary
phase.

After the runs, the first 25% of samples were discarded
as burn-in and three different consensus tree methods
were applied, each one with distinct interpretations of the
tree sample and potential implicit issues (O’Reilly &
Donoghue 2017). The maximum a posteriori (MAP) tree
is the single tree in the posterior sample with the greatest
posterior probability; the maximum clade credibility
(MCQ) tree is the single tree in the posterior with the lar-
gest sum of posterior probabilities across all its nodes
(Heled & Bouckaert 2013); the majority rule consensus
(MRC) tree, also known as half-compatibility tree, dis-
plays clades with posterior probability higher than 0.5,
collapsing the remaining clades. MAP and MCC trees are
fully resolved but may include clades with low posterior
probabilities, whereas MRC trees is
approach that might include polytomies (O’Reilly &
Donoghue 2017). MRC trees were recovered from the
output files of MrBayes, whereas the MCC and MAP trees
were obtained using the function obtainDatedPoste-
riorTreesMrB() from the paleotree package in R
(Bapst 2012; R Core Team 2019). For the MAP tree,
the option MAPosteriori was used in the argument
outputTrees.

a conservative

Finally, additional Bayesian inference analyses were per-
formed after pruning unstable caimanine taxa identified
by the IterPCR protocol, maintaining the same model
parameters, burn-in factor, and approach for obtaining
consensus trees.

Time calibration using the FBD model

The oldest undisputed Caimaninae records are from the
Paleocene of South America, with Necrosuchus ionensis
and Eocaiman palaeocenicus from Argentina and Eocai-
man itaboraiensis from Brazil (Simpson 1937; Bona
2007; Pinheiro et al. 2013). However, we have evidence
suggesting that these probably do not represent the earli-
est caimanine lineages. The latest phylogenetic studies
(Scheyer et al. 2019; Souza-Filho et al. 2019; Cidade
et al. 2020a) have consistently found the Neogene taxa
Culebrasuchus mesoamericanus, Gnatusuchus pebasensis,
and Globidentosuchus brachyrostris as sister (or succes-
sively sister) to all other caimanines. Furthermore, a
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recent reassessment of Bottosaurus harlani, from the
Maastrichtian and lower Paleocene of North America,
suggests that this taxon might in fact be included within
Caimaninae (Cossette & Brochu 2018). Accordingly, it
would be interesting to investigate how this topological
conformation influences the age constraints of the origin
of Caimaninae, as well as the timing of the Caimani-
nae—Alligatorinae split.

To examine this question and also to obtain a fully
time-calibrated phylogeny of Caimaninae, we performed
Bayesian tip-dating analyses, using an FBD model (Stadler
2010; Ronquist et al. 2012b; Heath et al. 2014; Zhang
et al. 2016). For that, we combined temporal information
for every taxon in the morphological dataset with the
topological constraint obtained from the phylogenetic
analyses. Then, we created an empty character matrix
using the createMrBayesTipdatingNexus() function
within the paleotree R package (Bapst 2012), which fol-
lows the recommendations in Matzke & Wright (2016). A
uniform prior was placed on taxon ages, with the extant
taxa fixed to 0 and the ages of extinct taxa obtained from
the literature. Proportion of sampling of extant taxa
(sampleprob) was set to 0.6 (i.e. 16 sampled species; c.
60% of 27 currently recognized species; Grigg & Kirshner
2015). A uniform prior was also placed on the age root
of the entire tree (i.e. Crocodylia), with maximum and
minimum ages set as 145 and 90 Ma, respectively, based
on the oldest putative crocodylian record (Mateus et al.
2019). Other parameters used default priors assigned by
the function. We then used this empty matrix to perform
two independent MCMC runs in MrBayes version 3.2.6
(Ronquist et al. 2012a), with four chains of 25 genera-
tions each. As for the phylogeny estimation using Baye-
sian inference, convergence of both runs was assessed
using PSRF and average standard deviation of split fre-
quencies values (with values approaching 1.0 and below
0.01, respectively). After the runs converged, 25% of
sampled trees were discarded as burn-in. For reporting
the results, only the MRC tree was used.

Body size estimation

Most equations for estimating the body size (total body
length, TL) of extinct crocodylomorphs derive from
regressed data of extant crocodylian species, using either
cranial (Webb & Messel 1978; Hall & Portier 1994; Ser-
eno et al. 2001, Hurlburt et al. 2003; Platt et al. 2009,
2011; Aureliano et al. 2015) or postcranial measurements
(Farlow et al. 2005). Given that the postcranium of
E. cavernensis is unknown, we decided to estimate TL
using an estimation of the cranial length (total cranial
length in dorsal view: dorsal cranial length, DCL) of the
specimen. We coarsely estimated DCL of E. cavernensis
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by comparing the preserved cranial material of the holo-
type with complete skulls of other caimanine taxa,
extinct and extant. Subsequently, using this estimated
DCL, we applied two equations for estimating the TL of
E. cavernensis. First, we used the equation presented by
Hurlburt et al. (2003), which is based on morphometric
data of multiple modern specimens of Alligator mississip-
piensis. We also used the equations from Aureliano et al.
(2015), which derive from regressed data of living Cai-
man latirostris specimens (Verdade 2000). More infor-
mation on body size estimation, including cranial and
mandibular measurements of E. cavernensis, a full list of
specimens used in the comparison, and the regression
equations can be found in Godoy ef al. (2020, support-
ing information).

Institutional abbreviations. AMNH FARB, Collection of
Fossil Amphibians, Reptiles and Birds, American Museum
of Natural History, New York, USA; MACN, Museo Argen-
tino de Ciencias Naturales Bernardino Rivadavia, Buenos
Aires, Argentina; MCT, Museu de Ciéncias da Terra, Rio de
Janeiro, Brazil; MLP, Museo de La Plata, La Plata, Argen-
tina; MPEF, Museo de Paleontologia Egidio Feruglio, Tre-
lew, Argentina; UCPM, University
Paleontological Museum, California, USA.

of California

SYSTEMATIC PALAEONTOLOGY

CROCODYLIA Gmelin, 1789 (sensu Benton & Clark 1988)
ALLIGATOROIDEA Gray, 1844 (sensu Brochu 2003)
CAIMANINAE Brochu, 1999 (sensu Norell 1988)

Genus EOCAIMAN Simpson, 1933a

Type species. Eocaiman cavernensis Simpson, 1933a

Eocaiman cavernensis Simpson, 1933a

Holotype. AMNH FARB 3158 (Fig. 1), a partial skull and nearly
complete mandible, with better preserved left sides. The skull
includes the right premaxilla, both maxillae, nasals, the left pre-
frontal, both lacrimals, the left jugal, both palatines, the left
ectopterygoid, the pterygoid bones and a partial left maxillary
toothrow. The lower jaw includes both dentaries, the left sple-
nial, the left surangular, and the left angular, as well as a com-
plete left dentary toothrow.

Diagnosis. Caimanine crocodylian diagnosed by the following
combination of characters (exclusive features marked with an
asterisk): absence of ‘canthi rostrali’ and preorbital ridges on the
dorsal surface of the maxilla; mediolaterally slender and
dorsoventrally low jugal; slender postorbital bar; two small med-
ial jugal foramina, one rostral and another caudal to the
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postorbital bar*; rostral processes of the palatines converge
medially, forming pointed processes; palatine—pterygoid suture
meets the suborbital fenestra at its caudomedial angle (which
distinguishes the taxon from Gnatusuchus pebasensis); ectoptery-
goid—pterygoid suture meets the suborbital fenestra at its cau-
dolateral angle; absence of a marked pterygoid lateral process
projecting into the ectopterygoid; dorsoventrally slender mand-
ible, bearing 19 dentary teeth; rostrally procumbent dentary
teeth (which distinguishes the taxon from all other caimanines
for which this region is known, except for Eocaiman itaboraiensis
and Gnatusuchus pebasensis); rostral portion of the dentary (i.e.
between the first and the fourth teeth) dorsoventrally lower than
at the level of the 11th and the 12th teeth (which distinguishes
the taxon from all other caimanines for which this region is
known, except for the other two Eocaiman species); lateromedi-
ally wide and dorsoventrally flat mandibular symphysis; splenial
excluded from the mandibular symphysis; mandibular symphysis
extends caudally until the fifth dentary alveolus (which distin-
guishes the taxon from Eocaiman itaboraiensis, Globidentosuchus
brachyrostris, and Kuttanacaiman iquitosensis); splenial extended
dorsal to the Meckelian groove; rostral processes of the surangu-
lar does not bear a spur confining the toothrow; small elliptical
external mandibular fenestra; angular—surangular suture meets
the external mandibular fenestra near its caudodorsal corner;
dentary—angular suture meets the external mandibular fenestra
at the ventralmost portion of its margin; rostral teeth crowns
circular and pointed, and caudal teeth becoming progressively
less pointed and more labiolingually compressed.

Locality and horizon. AMNH FARB 3158 was collected by George
G. Simpson and J. Herndndez, in 1930, on a cliff (the Gran Bar-
ranca, S$45° 429 490, W68° 449 160; Fig. 2), south of Lake Colhué
Huapi, Chubut Province, Argentina (Simpson 1933a; Kay et al.
1999). The rocks (Notostylops Beds or Simpson’s Y Tuff) belong to
the Gran Barrancan Member (Sarmiento Formation) and are
dated to the Eocene (Bartonian; Ré et al. 2010).

DESCRIPTION

This morphological description of Eocaiman cavernensis pre-
sented is based solely on the type specimen AMNH FARB 3158.
When allowed by the preservation of the bones, the cranial and
mandibular elements of AMNH FARB 3158 were compared with
those of extant and extinct crocodylians with anatomical overlap,
particularly with other caimanines. The comparisons were based
on first-hand examination and data available from published
resources.

The high resolution of the pnCT data reveals a clear distinction
between trabecular and cortical bone, in both cranial and
mandibular bones. Sutures between bones are, in general, easily
detected, even though suture morphology is occasionally
obscured by cracks and crushed bones. Indeed, the deformation
of the material prevents more accurate and detailed description
of inner structures, or even the unequivocal detection of struc-
tures or bones such as the vomer.

Skull

As described by Simpson (1933a), the general aspect of the skull
of Eocaiman cavernensis (AMNH FARB 3158) resembles that of
extant Caimaninae, with a broad and short snout (Figs 1, 3-5).
Although the tip of the snout (including the external nares) is
not present, the specimen preserves most of the palatal and pre-
orbital regions (for measurements of the preserved material, see
Godoy et al. 2020, table S1). The skull roof and the occipital
region are not preserved. The left side of the skull is better pre-
served and includes 12 maxillary alveoli, with eight preserved
teeth (Figs 4, 5). It also preserves most of the rostral and lateral
margins of the orbit, a nearly complete suborbital fenestra and a
small portion of the rostrolateral margin of the infratemporal
fenestra (Figs 3, 4). The right side of the skull bears only one
maxillary tooth (and a partially preserved alveolus); the right
orbit, suborbital, and infratemporal fenestrae are missing. The
specimen was subjected to compression during the fossilization
process, making the left and right sides no longer symmetrically
aligned. Some damage and breakage have occurred in the skull
roof and palatal region. On the dorsal surface of the skull, der-
mal bones are ornamented by pits and ridges, which are com-
monly seen in other crocodylians. These ornamental pits are
absent on the ventral surface of the skull (i.e. on the secondary
palate), on which only some small foramina are observed lingual
to the maxillary toothrow, as well as occlusion pits for the inser-
tion of dentary teeth.

In dorsal view (Fig. 3), the orbits are dorsally oriented and,
although not completely preserved, were probably elliptical, nar-
rower rostrally and longer than wide. The preserved portions of
the left orbit are delimited rostrolaterally by the lacrimal, rostro-
medially by the prefrontal, and laterally by the jugal. In ventral
view (Fig. 4), the secondary palate is formed by the premaxilla,
maxilla, palatine, and pterygoid. The suborbital fenestra is nearly
elliptical (i.e. narrower rostrally and longer than wide), bearing a
marked lateral expansion on the caudal half of the lateral mar-
gin. It is delimited rostrally by the maxilla, medially by the pala-
tine, caudally by the pterygoid, and caudolaterally by the
ectopterygoid.

Internally, the nasal passageway can be observed ranging
rostrocaudally through most of the extension of the nasals. Its
dorsal wall consists mostly of the nasals, whereas the other walls
are formed by the maxillae. However, most of the bony walls of
the nasal passageway are badly crushed, preventing accurate defi-
nition of its limits (either laterally or rostrocaudally). Similarly,
due to crushed walls, the paranasal sinus system can be only
partially observed, with the two sinuses extending in parallel and
lateral to the nasal passageway. The rostralmost extension of the
paranasal sinuses reaches, approximately, the level of the sixth
maxillary tooth, and their walls presumably comprise the maxil-
lae rostrally and the lacrimals caudally. Deformation of the
material makes it difficult to describe or assert the presence of
other inner skull cavities, such as the olfactory region of the
nasal cavity or the dorsal alveolar canal. More caudal cavities
(e.g. nasopharyngeal duct) or endocranial components are not
preserved.



GODOY ET AL.:

pm

bob pt

REDESCRIPTION OF EOCAIMAN CAVERNENSIS

1213

FIG. 3. Eocaiman cavernensis (AMNH FARB 3158), dorsal view of the skull. A, drawing of the fossil material. B, 3D surface render-
ing of individually segmented bones. Abbreviations: ec, ectopterygoid; j, jugal; la, lacrimal; m, maxilla; n, nasal; pf, prefrontal; pm, pre-
maxilla; po.b, postorbital bar; pt, pterygoid. Scale bar represents 2 cm.

Premaxilla. Only the caudalmost part the right premaxilla is
unequivocally preserved in Eocaiman cavernensis (AMNH FARB
3158), with a slightly larger ventral portion forming the palate
(Fig. 4). Fragments of the left premaxilla may also be present,
but unambiguous identification is hampered by the fragmentary
nature of skull region. The external nares and the premaxillary
tooth row are not present; thus, no premaxillary teeth are
known. The contact with the maxilla is best seen on the ventral
surface of the skull (i.e. on the palate), where the short portion
of the suture preserved in the specimen extends mediolaterally,
perpendicular to the rostrocaudal axis of the skull. In dorsal
view, the premaxilla contacts the nasal medially and the maxilla
laterally, giving it a triangular shape. Nevertheless, the very frag-
mentary preservation of the premaxilla obviates further descrip-
tion and comparison of this bone with other caimanines.

Maxilla. Both right and left maxillae are present in Eocaiman
cavernensis (AMNH FARB 3158). The left element is better pre-
served, extending rostrocaudally from near the contact with the

premaxilla to the contact with the jugal and the ectopterygoid.
The left element also preserves most of the maxillary tooth row,
bearing 12 continuous alveoli. These possibly represent the
sequence from the third to the 14th maxillary alveoli. Eight
maxillary teeth are preserved on the left maxilla, although one of
these, possibly the fourth maxillary tooth, is visible only in the
UCT data. The preservation of the right bone is restricted to its
rostromedial portion and only one tooth (probably the third
maxillary tooth) is preserved.

The maxilla comprises most of the snout, being the longest
bone rostrocaudally and the widest mediolaterally. The pCT data
reveal that the maxillary surface within the nasal passageway was
probably imperforate, even though the region is fragmentary. In
dorsal view (Fig. 3), the maxilla contacts the premaxilla rostrally,
the nasal medially, the prefrontal caudomedially, the lacrimal
caudally, and the jugal caudolaterally. Although the fragmentary
nature of the region prevents a more accurate description, it is
very likely that the maxilla did not form part of the orbit, which
probably consisted of the prefrontal rostromedially, the lacrimal
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FIG. 4. Eocaiman cavernensis (AMNH FARB 3158), ventral view of the skull. A, drawing of the fossil material. B, 3D surface render-
ing of individually segmented bones. Abbreviations: ch, internal choana; ec, ectopterygoid; j, jugal; m, maxilla; pl, palatine; pm, pre-
maxilla; pt, pterygoid; so.f, suborbital fenestra. Scale bar represents 2 cm.

rostrally, and the jugal laterally (other bones possibly participat-
ing in the orbital margin, such the frontal and the postorbital,
are not preserved, nor their articulation facets with other bones).
The lateral margin of the maxilla is straight in dorsal view.
There is no evidence of ‘canthi rostrali’ on the dorsal surface of
the maxilla and the absence of a prominent rostral canthus is
shared with most caimanines, except for Purussaurus mirandai,
P. brasiliensis, Melanosuchus niger, Caiman latirostris, C. brevi-
rostris, and C. wannlangstoni (Brochu 1999; Aguilera et al. 2006;
Souza-Filho et al. 2019). Similarly, it is very likely that preorbital
ridges were also absent (even though the poor preservation of
this region prevents an unequivocal assessment), a condition
shared with all other alligatoroids (Souza-Filho et al. 2019).

In ventral view (Fig. 4), the maxilla forms the largest part of
the secondary palate. Apart from the rostral contact with the pre-
maxilla, the maxilla also contacts the palatine caudomedially and

the ectopterygoid caudolaterally. The maxillary suture with the
palatine contacts the rostromedial part of the margin of the sub-
orbital fenestra, whereas the suture with the ectopterygoid con-
tacts the fenestra at the midpoint of its lateral margin. Despite
some deformation in the region, we can assert that the maxillary
component of the lateral margin of the fenestra is concave, as in
Caiman yacare, C. latirostris, C. crocodilus, C. wannlangstoni,
Melanosuchus niger, Gnatusuchus pebasensis, and Kuttanacaiman
iquitosensis (Brochu 1999; Salas-Gismondi et al. 2015). The cau-
dalmost extension of the maxilla, where the suture with the
ectopterygoid contours the last maxillary alveolus, terminates
rostral to the lower temporal bar. Lingual to the linear maxillary
toothrow, a deep occlusal pit or groove extends from the third to
the sixth preserved alveoli (which probably represent the fifth to
the eighth maxillary alveoli). This occlusal groove was probably
for the reception of the 12th and 13th dentary teeth.
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FIG. 5. Eocaiman cavernensis (AMNH FARB 3158), left lateral view of the skull. A, drawing of the fossil material. B, 3D surface ren-
dering of individually segmented bones. Abbreviations: ec, ectopterygoid; j, jugal; m, maxilla; m3?, putative third left maxillary tooth;
mb5?, putative fifth left maxillary tooth; m9?, putative ninth left maxillary tooth; pf, prefrontal; pt, pterygoid. Scale bar represents 2 cm.
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FIG. 6. Eocaiman cavernensis (AMNH FARB 3158), detailed cranial morphology illustrated by 3D surface rendering of individually
segmented bones. A, prefrontal in medial view. B, prefrontal in lateral view. C, jugal and ectopterygoid in medial view. D, jugal in
medial view. Rostral direction is indicated by black arrows. Abbreviations: c.jf, caudal jugal foramen; ec, ectopterygoid; j, jugal; jf, jugal

foramen; pf.p, prefrontal pillar. Scale bars represent 1 cm.

In lateral view (Fig. 5), the ventral margin of the maxilla
extends rostrocaudally in a sigmoidal line. The lowest preserved
point coincides with the first preserved alveolus (which also
bears the largest preserved tooth and probably represents the
third maxillary alveolus). The margin rises dorsally at the level
of the fourth preserved alveolus (probably the sixth maxillary
alveolus), reaching the highest level at the fifth preserved alveo-
lus, and descending ventrally at the seventh preserved alveolus
(probably the ninth maxillary alveolus). Then, the margin con-
tinues caudally in a slightly ascending line until the contact with

the jugal. Only the caudal contact with the jugal is observed in
lateral view.

Nasal. Both nasals are preserved in E. cavernensis (AMNH
FARB 3158) and can be seen in dorsal view (Fig. 3). The state
of preservation is similar in both elements, with the right ele-
ment being only slightly better preserved rostrally (closer to the
contact with the right premaxilla). Despite that, the caudal mar-
gin of the external naris cannot be unambiguously identified, so
that the participation of the nasals in the naris is uncertain. A
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caudal fragment of the right bone is slightly medially displaced,
towards the midline of the skull. It is worth mentioning that the
illustration in the original description shows this fragment closer
to its seemingly natural position (Simpson 19334, fig. 1), sug-
gesting that it was displaced later in time.

Situated on the medial portion of the snout, the nasal is a
rostrocaudally elongate bone in dorsal view, similar to that of
most alligatoroids (i.e. not as narrow as in most crocodyloids
and not as broad and short as in Purussaurus; Iordansky 1973;
Aguilera et al. 2006). Apart from the medial contact with its
antimere, the nasal contacts the premaxilla rostrally, the maxilla
laterally, and the prefrontal caudolaterally. The absence of any
preserved portions of the frontal makes the likely caudal contact
of the nasal with this bone unknown. The pCT data show that
the nasal did not contact the lacrimal.

Prefrontal. Only a partial left prefrontal is present in Eocaiman
cavernensis (AMNH FARB 3158). In dorsal view (Fig. 3), it forms
the rostromedial margin of the orbit and contacts the nasal rostro-
medially, the maxilla rostrally, and the lacrimal rostrolaterally.
The puCT data also reveal a ventral contact of the prefrontal
descending process (i.e. prefrontal pillar) with the palatine
(Fig. 6A, B). Although there is a transverse ridge on the dorsal
surface of the prefrontal, it is not as abrupt as the prefrontal crests
seen in other taxa (e.g. Purussaurus brasiliensis, P. neivensis, P. mi-
randai, pachytemporalis, brevirostris,
C. wannlangstoni, Melanosuchus niger and the extant species of
Caiman; Souza-Filho et al. 2019) and there is no clear evidence
that it extended further rostrally along the snout surface. How-
ever, the true morphology of this structure cannot be described
given the poor preservation of the preorbital region. The same
applies to the possible absence of knob-like processes on the pre-
frontal dorsal surface adjacent to the margin of the orbit, which
cannot be unequivocally assessed. Similarly, the possible medial
contact between prefrontals cannot be verified given the absence
of a right element and of the frontal bone.

Acresuchus Caiman

The right prefrontal pillar is partially preserved and could be
visualized using the pCT data (Fig. 6A, B). The medial process of
the prefrontal pillar is rostrocaudally expanded and wide at the
base, as in all other caimanines in which these features can be
accessed (i.e. mostly extant taxa; Brochu 1999). However, given
that the pillar is not entirely preserved, it is not possible to confirm
whether it was a solid structure or contained a pneumatic recess.

Lacrimal. Although not unequivocally identifiable by direct
observation in dorsal view, the pCT data reveal that both lacri-
mals are present in E. cavernensis (AMNH FARB 3158; Fig. 3).
The left element is better preserved, with a larger fragmented
portion rostral to the orbit, as well as a smaller isolated fragment
that lies more caudally, at the lateral margin of the orbit. The
right bone is preserved only as some fragments, rostral to the
orbit. The PUCT data also reveal that the lacrimal extends as a
thin lamina beneath portions of the maxilla, nasal and pre-
frontal.

The lacrimal comprises most of the rostral margin of the
orbit and contacts the maxilla rostrally and rostrolaterally, the
jugal caudolaterally, and the prefrontal medially. The absence of
a lacrimal-nasal contact is shared with other extinct caimanines,

such as Purussaurus neivensis, P. mirandai, Mourasuchus amazo-
nensis, and Kuttanacaiman iquitosensis (Price 1964; Aguilera
et al. 2006; Salas-Gismondi et al. 2015). However, the condition
in E. cavernensis seems to differ from that of all these taxa, given
that both a rostral extension of the prefrontal and a caudal pro-
jection of the maxilla prevents the contact between lacrimal and
nasal. Nevertheless, the poor preservation of the preorbital
region, on both sides of the skull, prevents unequivocal descrip-
tion of the condition in E. cavernensis.

Jugal. Only the left jugal is preserved in E. cavernensis (AMNH
FARB 3158), missing its caudalmost portion (caudal to the pos-
torbital bar). The jugal is mediolaterally slender and dorsoven-
trally low, as in all caimanines, except for Mourasuchus
amazonensis and M. pattersoni (Cidade et al. 2017). In dorsal
view (Fig. 3), it forms most of the lateral margin of the orbit,
which extends rostrocaudally in an almost straight line and does
not bear the typical notch seen in Gavialis gangeticus (Brochu
1999). The jugal also partially defines the caudal limit of the
orbit, due to the dorsomedial projection of the jugal portion of
postorbital bar. Given that the jugal is not completely preserved,
only a small rostrolateral portion of the lower temporal bar is
observed. In addition to the contacts with the maxilla and lacri-
mal, rostrally and rostromedially, respectively, the jugal also con-
tacts the ectopterygoid along the ventromedial portion of the
postorbital bar, and the suture with this bone extends rostrally
on the medial surface of the jugal (Fig. 6C).

A slender postorbital bar is shared with all other alligatoroids
(Norell 1988; Brochu 1999). Although only the ventralmost por-
tion of the bar is preserved, it is possible to observe its ventral
margin inset from the lateral jugal surface, as in all other caima-
nines (Brochu 1999). The jugal bears a small medial foramen
rostral to the postorbital bar (Fig. 6C), as in all other caimani-
nes, except for Globidentosuchus brachyrostris and Bottosaurus
harlani (Scheyer et al. 2013; Cossette & Brochu 2018). Another
clearly visible foramen, of similar size, is seen on the jugal med-
ial surface, caudal to the bar (Fig. 6D).

Palatine. Both palatines are preserved in E. cavernensis (AMNH
FARB 3158), both lacking only their caudalmost portions. In
ventral view (Fig. 4), the palatine is a rostrocaudally elongate
bone forming most of the convex medial margin of the subor-
bital fenestra. Apart from the rostral contact with the maxilla
and the dorsal contact with the prefrontal (seen on pPCT), the
palatines also contact one another medially. Furthermore, the
palatine probably also contacted the pterygoid caudolaterally,
although the fragmentary nature of this region prevents assess-
ment of the true condition of this suture.

The broad rostral process of the palatine extends beyond the
rostral margin of the suborbital fenestra, as in all other alliga-
toroids (Brochu 1999). The rostralmost tips of the rostral pro-
cesses of both palatines converge medially to form a pointed
process. This rostral process also shows another, more laterally
pointed projection, but the condition in E. cavernensis is differ-
ent from the notch in Paleosuchus (Brochu 1999). A small part
of the rostralmost portion of the lateral edge of the palatine pro-
jects into the suborbital fenestra, but the condition is more sub-

tle than the large projections seen in Paleosuchus and
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Kuttanacaiman iquitosensis (Brochu 1999; Salas-Gismondi et al.
2015). More caudally, the lateral edge of the palatine extends in
an almost straight rostrocaudal line and then flares laterally to
form the caudomedial margin of the suborbital fenestra.
Although the region is poorly preserved, the palatine—pterygoid
contact probably occurred near the caudomedial angle of the
fenestra, as in all caimanines, except for Gnatusuchus pebasensis
(Brochu 1999; Salas-Gismondi et al. 2015). However, the contri-
bution of the palatine to the internal choana is unknown.

Ectopterygoid. The left ectopterygoid is nearly completely pre-
served in E. cavernensis (AMNH FARB 3158). In ventral view
(Fig. 4), it forms the strongly bowed caudal half of the lateral mar-
gin of the suborbital fenestra, contacting the maxilla rostrally and
the pterygoid caudomedially. The ectopterygoid also contacts the
jugal dorsally, forming the ventral portion of the lateral part of the
postorbital bar (Fig. 6C). However, it is not possible to determine
if the ectopterygoid extended along the medial face of the bar.

In ventral view (Fig. 4), the rostralmost tip of the ectoptery-
goid tapers to a point at the lateral margin of the suborbital fen-
estra, as in all other alligatoroids (Brochu 1999). The contact
with the maxilla extends caudally in a laterally convex curve, dif-
fering from the overall straight suture seen in living caimanines.
The suture between these two bones approaches the maxillary
toothrow only at the level of the last alveolus (possibly the 14th
maxillary alveolus). Therefore, the ectopterygoid does not
enclose the toothrow, a condition similar to all other alliga-
toroids (Brochu 1999). The contact with the pterygoid occurs at
the caudolateral angle of the fenestra and there is no sign of a
pterygoid flexure. The absence of a marked pterygoid lateral
process projecting into the ectopterygoid of E. cavernensis is
inferred here based on the possible sutural marks seen on puCT,
even though that exact region is broken. The absence of this fea-
ture is shared only with Gnatusuchus pebasensis among caimani-
nes (Brochu 1999; Salas-Gismondi et al. 2015). The pterygoid
ramus of the ectopterygoid does not extend to the caudalmost
portion of the pterygoid, as in all crocodylians (Brochu 1999).

Pterygoid. Only the left pterygoid is preserved in E. cavernensis
(AMNH FARB 3158), lacking its medial portion and its caudolat-
eral tip. In ventral view (Fig. 4), the preserved portion of the bone
is nearly as rostrocaudally elongate as it is lateromedially wide.
The pterygoid contributes to a significant portion of the caudal
margin of the suborbital fenestra, contacts the ectopterygoid
rostrolaterally and possibly the palatine rostromedially. The inter-
nal choana is partially preserved, with the pterygoid unequivocally
contributing to its lateral and caudal margins. The choana lies clo-
ser to the caudal margin of the suborbital fenestra than to the cau-
dalmost portion of the pterygoid and was possibly projected
rostroventrally, but a more precise description is precluded by the
fragmentary nature of the region. The pterygoid flange dorsally
encloses the ectopterygoid caudalmost portion.

Mandible

The mandible of Eocaiman cavernensis (AMNH FARB 3158) is
dorsoventrally slender and both hemimandibles are present

: REDESCRIPTION OF EOCAIMAN CAVERNENSIS

1217

(Figs 7, 8). Whereas the right side preserves only the dentary
and 11 dentary teeth, the left one has all 19 dentary teeth pre-
served on a nearly complete dentary, as well as partial splenial,
surangular and angular bones. The coronoid and the articular
bones are not preserved on either side, preventing the descrip-
tion of the retroarticular process and the glenoid fossa.

The lateral and ventral surfaces of the lower jaws are orna-
mented with pits and grooves not seen on the medial surface,
whereas the dorsal surface has a series of occlusion pits labial to
the tooth row between the third and the 13th alveoli. In lateral
view, an elliptical external mandibular fenestra is delimited by
the dentary rostrally, the surangular dorsally, and the angular
caudoventrally. The fenestra is not enlarged as in the Purus-
saurus species and Acresuchus pachytemporalis, in which the large
size of the fenestra exposes the foramen intermandibularis cau-
dalis in lateral view (Aguilera et al. 2006; Souza-Filho et al
2019).

Dentary. Both dentaries are preserved in Eocaiman cavernensis
(AMNH FARB 3158; Figs 7, 8). The left element is nearly
complete, whereas the right bone lacks both the rostralmost
(rostral to the second dentary alveolus) and the caudalmost
(caudal to the 13th alveolus) portions. The rostralmost tip of
the left dentary, bearing the first two dentary teeth, was
attached to the remainder of the mandible after the original
description by Simpson (1933a). Indeed, this small portion of
the dentary remained isolated from the holotype mandible
until at least 2006 (M. Ellison, pers. comm. January 2014),
which explains why some previous studies do not mention, fig-
ure or use morphological information from this piece (Brochu
1999, 2011; Bona 2007; Pinheiro et al. 2013), in contrast to
more recent works (e.g. Bona & Barrios 2015). The left dentary
preserves 19 teeth, whereas 11 teeth are preserved on the right
element (from the third to the 13th dentary tooth). Simpson
(1933a) suggested the presence of a 20th dentary alveolus on
the left hemimandible, caudal to the last preserved tooth, an
assertion subsequently supported by Pinheiro et al. (2013).
However, this hypothesis is rejected here, based on the pCT
data.

The dentary comprises most of each hemimandible, especially
in lateral view, as in all crocodylians (Iordansky 1973). In dorsal
view (Fig. 7), the dentary contacts the splenial medially and the
surangular caudally. In lateral view (Fig. 8A, B), apart from the
caudodorsal contact with the surangular, it is also possible to
observe the caudoventral contact with the angular. The dentary
forms the rostral margin of the external mandibular fenestra in
lateral view (Fig. 8A, B), as well as the rostral half of the dorsal
margin of the fenestra. Because the region is damaged, the exact
position at which the dentary—surangular suture contacted the
dorsal margin of the fenestra is unknown, but it most certainly
occurred rostral to the caudodorsal corner of the fenestra, as in
all caimanines (Brochu 1999, 2011).

In lateral view (Fig. 8A, B), the dorsal margin of the dentary
extends caudally in a sinusoidal line, starting rostrally at its ven-
tralmost point between the first and the fourth dentary teeth,
reaching its dorsalmost point at the level of the 13th dentary
tooth, and then descending ventrally through the last dentary
teeth. The rostral portion of the dentary (i.e. between the first
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and the fourth teeth) is dorsoventrally lower than at the level of
the 11th and the 12th teeth. This condition is also observed in
Eocaiman palaeocenicus and was proposed by Bona (2007) as a
diagnostic feature for the genus Eocaiman. Subsequently, Pin-
heiro et al. (2013) described the same condition for all three
mandibular specimens of E. itaboraiensis. However, the holotype
of E. itaboraiensis (MCT 1791-R) seems to bear a slightly differ-
ent morphology, with the rostral portion of the dentary rela-
tively elevated in relation to the other Eocaiman taxa. Therefore,
although in our character matrix we have followed the scorings
of Pinheiro et al. (2013) for this character, closer examination of
the E. itaboraiensis specimens is still needed to confirm its mor-
phology and perhaps its validity.

The lateromedially wide, dorsoventrally flat symphyseal
region of Eocaiman cavernensis consists solely of the dentary,
without the participation of the splenial, and extends caudally
until the fifth dentary alveolus (Fig. 7). The extension of the
symphyseal region is very plastic among caimanines, encom-
passing only the first dentary alveolus (in Mourasuchus amazo-
nensis and Mourasuchus atopus; Langston 1965; Cidade et al.
2019a), up to the 11th alveolus (in Gnatusuchus pebasensis;
Salas-Gismondi et al. 2015). However, most caimanines share
the condition seen in Eocaiman cavernensis, with the

FIG. 7. Eocaiman cavernensis
(AMNH FARB 3158), dorsal view of
the lower jaws. A, drawing of the
fossil material. B, 3D surface ren-
dering of individually segmented
bones. Abbreviations: an, angular; d,
dentary; d1, first dentary tooth; d4,
fourth dentary tooth; san, surangu-
lar; sp, splenial. Scale bar represents
2 cm.

symphysis extending back to the level of the fifth tooth (e.g.
in the Purussaurus, Caiman and Paleosuchus species, as well as
in Melanosuchus niger, Bottosaurus harlani, Necrosuchus ionen-
sis, Acresuchus pachytemporalis, Centenariosuchus gilmorei and
Tsoabichi greenriverensis; lordansky 1973; Brochu 1999, 2010,
2011; Aguilera et al. 2006; Hastings et al. 2013; Cossette &
Brochu 2018; Souza-Filho et al. 2019; Cidade et al. 2020a).
Among other Eocaiman species, the condition is unknown in
E. palaeocenicus, given that the symphysis reaches the fifth
alveolus on the left hemimandible of the holotype (MPEF-PV
1933), but seems to extend beyond that level on the right
hemimandible, suggesting some degree of taphonomic distor-
tion in the region (Bona 2007). Finally, the symphysis extends
to the sixth dentary alveolus in all three mandibular speci-
mens of E. itaboraiensis (MCT 1791-R, MCT 1792-R, MCT
1793-R; Pinheiro et al. 2013).

Splenial. Only the left splenial is preserved in Eocaiman caver-
nensis (AMNH FARB 3158), which is very fragmented, lacking
its rostralmost portion. In dorsal view (Fig. 7), the splenial
contacts the dentary laterally and the surangular caudolaterally.
In medial view (Fig. 8C, D), it also contacts the angular cau-
doventrally. The splenial does not contribute to the



GODOY ET AL.: REDESCRIPTION OF EOCAIMAN CAVERNENSIS

FIG. 8. Eocaiman cavernensis
(AMNH FARB 3158), lateral and
medial views of the lower jaws.

. . . d1
A, drawing of the fossil material, in
left lateral view. B, 3D surface ren-
dering of individually segmented
bones, in left lateral view. C, draw-
ing of the fossil material, left hemi-
mandible in medial view. D, 3D
surface rendering of individually
segmented bones, left hemimandible
in medial view. Abbreviations:
an, angular; d, dentary; d1, first
dentary tooth; d13, 13th dentary
tooth; m.f, external mandibular fen-
estra; m.s, mandibular symphysis;
san, surangular; sp, splenial. Scale Cc
bar represents 2 cm.

mandibular symphysis and, although its rostral portion is
absent, on UCT the sutural scars clearly show that its rostral
tip extended dorsal to the Meckelian groove. This condition is
seen in all other caimanines, except for those in which the
splenial participates in the symphysis (i.e. Globidentosuchus
brachyrostris and Gnatusuchus pebasensis; Scheyer et al. 2013;
Salas-Gismondi et al. 2015). Although the original description
of Eocaiman itaboraiensis suggests a participation of the sple-
nial in the mandibular symphysis of this taxon (Pinheiro et al.
2013), we agree with Cidade et al. (2020a4) in which an accu-
rate assessment is hampered by the fragmentary nature of the
known specimens. The intermandibular foramina (oralis,
medialis, and caudalis) are either not completely preserved or
cannot be fully distinguished in Eocaiman cavernensis (AMNH
FARB 3158).

Surangular. The left surangular is preserved in Eocaiman caver-
nensis (AMNH FARB 3158), missing its caudalmost portion. In
lateral view (Fig. 8A, B), it forms the caudal half of the dorsal
margin of the external mandibular fenestra and contacts the
dentary rostroventrally, and the angular caudoventrally. In
medial view (Fig. 8C, D), it meets the splenial rostrally, the
dentary rostroventrally and the angular caudoventrally.
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Regarding the rostral processes of the surangular, the dorsal
element extends rostrally to the level of the last dentary alveo-
lus in dorsal view (Fig. 7), but does not show the spur that
confines the toothrow seen in Caiman yacare and Caiman cro-
codilus (Brochu 1999). The ventral process, however, is not
completely preserved in Eocaiman cavernensis, hampering fur-
ther assessment. In lateral view (Fig. 8A, B), the angular—suran-
gular suture contacts the external mandibular fenestra near its
caudodorsal corner. A suture passing broadly along the ventral
margin of the fenestra was initially proposed as a synapomor-
phy of Caimaninae (Brochu 1999; Hastings et al. 2016). How-
ever, in agreement with recent reassessment (Cidade et al.
2020a), on reinterpretation, most caimanines display the angu-
lar—surangular suture meeting the fenestra at the caudodorsal
angle.

Angular. Only the left angular is preserved in Eocaiman caver-
nensis (AMNH FARB 3158), missing its caudalmost portion.
In lateral view (Fig. 8A, B), it contacts the dentary rostrally
and the surangular caudodorsally, and forms the caudoventral
margin of the external mandibular fenestra. The dentary—angu-
lar suture meets the external mandibular fenestra at its
ventralmost portion, and extends rostroventrally to the ventral
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surface of the mandible. In medial view (Fig. 8C, D), the
angular also meets the splenial rostrally and forms the floor
of a partially preserved adductor fossa. Still in medial
view, only the ventral margin of the foramen intermandibu-
laris caudalis is preserved. In dorsal view, the dorsal sur-
face of the angular within the adductor fossa bears a series of
four small foramina medial to the external mandibular
fenestra.

Dentition

Most alveoli of Eocaiman cavernensis (AMNH FARB 3158) are
circular on cross-section. As in other caimanines, the teeth have
well-defined and non-serrated carinae, with smooth apicobasal
striae (best visible on the dentary teeth). The rostral tooth
crowns are circular in cross-section and apically pointed, becom-
ing progressively less pointed caudally (i.e. with more rounded
apices). Caudal teeth are also slightly compressed labiolingually,
although not as much as in Paleosuchus, Bottosaurus harlani and
Kuttanacaiman iquitosensis (Brochu 1999; Salas-Gismondi et al.
2015; Cossette & Brochu 2018).

Maxillary teeth. The 12 alveoli preserved on the left maxilla of
Eocaiman cavernensis (AMNH FARB 3158) are inferred to repre-
sent the third to the 14th maxillary alveoli. In that case, the
fourth maxillary tooth would be the largest, as in all caimanines
except for Culebrasuchus mesoamericanus, Gnatusuchus pebasen-
sis, and Purussaurus brasiliensis (Hastings et al. 2013; Salas-Gis-
mondi et al. 2015). This is based on the alveolar size, given that
just a small part of this tooth (potentially a replacement tooth)
is preserved and seen only on pCT. However, because the tooth-
row is not completely preserved, the relative size of maxillary
teeth cannot be confirmed. More caudal teeth are, in general,
smaller, less pointed, and slightly more compressed labiolin-
gually. As in all other crocodylians, the diameter of the penulti-
mate maxillary alveolus is not much larger than that of the last
one (Brochu 1999).

Dentary teeth. Eocaiman cavernensis is the only species of the
genus with a completely known dentary toothrow, which is pre-
served on the left dentary of AMNH FARB 3158. This toothrow
preserves 19 alveoli and bears, at least partially, all dentary teeth.
The first dentary tooth is large and procumbent, a condition
shared only with Eocaiman itaboraiensis and Gnatusuchus
pebasensis within caimanines (Pinheiro et al. 2013; Salas-Gis-
mondi et al. 2015). From the second to the 10th dentary tooth,
teeth are slightly inclined rostrally, a condition that differentiates
E. cavernensis from the other two species of the genus (even
though two specimens of E. itaboraiensis, MCT 1792-R and
MCT 1793-R, have a similar morphology; Pinheiro et al. 2013).
The fourth is the largest dentary tooth in Eocaiman cavernensis.
As in all caimanines, except for Gnatusuchus pebasensis (Salas-
Gismondi et al. 2015), the alveoli for the third and fourth den-
tary teeth are not confluent in Eocaiman cavernensis (Brochu
1999). More caudally, the second largest dentary tooth is the
13th. An enlarged 13th or 14th tooth is a condition shared only
with Necrosuchus ionensis among caimanines (Brochu 2011;

Cidade et al. 2020a). Globidentosuchus brachyrostris also has
enlarged 13th and 14th teeth, but this taxon is distinct from the
former two by exhibiting a series of large alveoli caudal to the
14th alveolus (Scheyer et al. 2013; Cidade et al. 2020a). Caudal
to the 13th alveolus, the dentary teeth of Eocaiman cavernensis
become increasingly smaller, less pointed and slightly com-
pressed labiolingually, as also seen in more caudal maxillary
teeth.

PHYLOGENETIC ANALYSIS

Phylogenetic affinities of Eocaiman cavernensis and other
caimanines

The morphological reassessment of Eocaiman cavernensis
performed here allowed the scoring of a total of 37 char-
acters for this taxon in our modified version of the
(2020a). This represents an
improvement of nearly 40% in relation to the original, in
which Eocaiman cavernensis was scored for only 27 char-
acters. In total, the states of 17 characters were altered,
whereas 3 characters previously scored were changed to
unscored (for details about rescorings, see Godoy et al.
2020).

The maximum parsimony analysis using the complete
data matrix recovered 185 520 MPTs of 646 steps (consis-
tency index [CI] = 0.384, retention index [RI] = 0.808).
The strict consensus (Godoy et al. 2020, fig. S1) shows a
large polytomy formed by the ingroup taxa, within which

matrix of Cidade et al.

only a few crocodylian subgroups are found as mono-
phyletic, such as Crocodyloidea, Alligatorinae (with mini-
mal Bremer supports), and Gavialoidea (Bremer = 3).
These results are in contrast to those of Cidade et al
(2020a), who used a similar version of our matrix (the
major source of differences is the rescorings of Eocaiman
cavernensis performed here) and found a better resolved
strict consensus. Furthermore, Bayesian inference analysis
with the same matrix also yielded poorly resolved MRC
trees (Godoy et al. 2020, fig. S2), which is the consensus
tree approach that shows only clades with posterior prob-
ability of more than 50%. Even though the MRC tree
recovers clades not present in the strict consensus from
the parsimony analysis, such as Hylaeochampsidae and
Diplocynodontinae, a large polytomy is seen at the base
of Alligatoroidea, hampering the recognition of clades
within it.

Given the poor resolution using both maximum parsi-
mony and Bayesian approaches, we applied the IterPCR
protocol to identify unstable taxa. Of these, three putative
caimanines were recognized as major sources of instability:
Protocaiman peligrensis, Necrosuchus ionensis, and Eocaiman
itaboraiensis. These taxa are known from poorly preserved
or incomplete specimens, and the uncertainty related to
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was found either within planocraniids or among the Diplo-
cynodon species (see IterPCR results in Godoy et al. 2020).
This is consistent with the MAP and MCC trees from the

them is probably due to the large amount of missing data
instead of character conflict. Consequently, the IterPCR
results show many alternative positions for these three taxa

(results of the IterPCR procedure are provided in Godoy
et al. 2020). Protocaiman peligrensis has c. 14% of its char-
acters scored in our matrix (27 out of 187 characters), and

Bayesian analysis, which recovered this taxon in similar
positions (Godoy et al. 2020, figs S3, S4), but is in strong
contrast to the results presented by Bona ef al. (2018), who
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found Protocaiman peligrensis within Caimaninae, a posi-
tion never found in any of the analyses conducted here.
Necrosuchus ionensis has the same number of characters
scored in our matrix (27), and the IterPCR results show
alternative positions within Caimaninae, similar to what
was recovered in both MAP and MCC (see IterPCR results
and Godoy et al. 2020, figs S3, S4). Finally, Eocaiman itabo-
raiensis has only 6 characters scored (c. 3%), and the insta-
bility of this taxon is illustrated by the highly contrasting
alternative positions recovered for it in the IterPCR results,
either within Caimaninae or outside Crocodylia (see
IterPCR results in Godoy ef al. 2020). A non-crocodylian
position for this taxon is also suggested by the results of
the Bayesian inference analysis (using any of the consensus
trees; Godoy et al. 2020, figs S2-S4).

We then decided to run additional phylogenetic analyses
without these highly unstable taxa. However, given that the
relative phylogenetic position of Eocaiman itaboraiensis is
important for assessing the monophyly of the genus Eocai-
man, we opted for not excluding this taxon from any of
our phylogenetic analyses. Therefore, we ran three addi-
tional maximum parsimony analyses: one without Proto-
caiman peligrensis, another without Necrosuchus ionensis,
and a third excluding both taxa. Finally, we also ran one
extra Bayesian inference analysis, using a matrix without
both Protocaiman peligrensis and Necrosuchus ionensis.

The first additional parsimony analysis, excluding only
Protocaiman peligrensis, yielded only slightly improved results
in relation to the original analysis (27 960 MPTs of 643
steps; CI = 0.386, RI = 0.809), given that the strict consen-
sus still shows a large polytomy at the base of the ingroup
clade (Godoy et al. 2020, fig. S5). This suggests a high degree
of instability for Necrosuchus ionensis (and/or Eocaiman itab-
oraiensis), which is consistent with previous work (Cidade
et al. 2020a) and our IterPCR results (Godoy et al. 2020).

The second additional analysis, excluding only Necro-
suchus ionensis, shows a better scenario, with a reduced
number of MPTs (3360 MPTs, 645 steps; CI = 0.384,
RI = 0.808) and a better resolved strict consensus (Godoy
et al. 2020, fig. S6). Apart from Gavialoidea (Bremer = 5)
and Crocodyloidea (Bremer = 2), monophyletic Caimani-
nae and Alligatorinae are also recovered (both with mini-
mum Bremer support), forming a resolved Alligatoridae
(Bremer = 1). Globidonta is not recovered as mono-
phyletic in the strict consensus, given the presence of a
polytomy at the base of Brevirostres, formed by Alligatori-
dae, Crocodyloidea, Leidyosuchus canadensis, Protocaiman
peligrensis, and the species of Diplocynodon, Planocrania,
and Boverisuchus. Uncertainty regarding the position of
Protocaiman peligrensis is interesting because, despite its
high degree of incompleteness, this taxon possesses mosaic
features, associated with both caimanines and non-alliga-
torid globidontans (i.e. Brachychampsa, Albertochampsa
and Stangerochampsa). For instance, it exhibits some

putative caimanine synapomorphies (e.g. the presence of
foramina on the medial parietal wall of supratemporal fen-
estra), but also shows an overall skull roof configuration
that resembles that of taxa closely related to Brachy-
champsa, with a broad skull roof and relatively large
supratemporal fenestrae (Bona et al. 2018; Cidade et al.
2020a). This combination of features in Protocaiman peli-
grensis possibly contributed to the phylogenetic results seen
in Bona et al. (2018), who found the lineage of Cretaceous
North American taxa (i.e. Brachychampsa and related
forms) within Caimaninae, as the sister group of a clade
formed by Protocaiman peligrensis and all other caimanines
(Bona et al. 2018). This arrangement is not found here,
but further discoveries, particularly in North America,
might elucidate the early evolution of caimanines.

Finally, the third additional parsimony analysis, without
both Protocaiman peligrensis and Necrosuchus ionensis, was
much more informative, with 480 MPTs (642 steps;
CI = 0.386, RI = 0.809). The strict consensus (Fig. 9) is
almost fully resolved, with all typically recognized crocody-
lian subgroups recovered as monophyletic (e.g. Gavialoi-
dea,  Brevirostres,  Crocodyloidea,  Alligatoroidea,
Globidonta, Alligatorinae and Caimaninae). Arrangements
within these groups are the same or very similar to that of
recent parsimony analyses using previous versions of this
dataset (Souza-Filho et al. 2019; Cidade et al. 2020a). Fur-
thermore, Bayesian inference analysis with this reduced
version of the matrix (i.e. without Protocaiman peligrensis
and Necrosuchus ionensis) also shows slightly improved
results in relation to the analysis using the complete matrix,
with the MRC tree recovering Caimaninae (with a poste-
rior probability of 0.53) and some other alligatoroid sub-
groups (Godoy et al. 2020, fig. S7). However, compared
with the maximum parsimony analysis, Bayesian inference
provided relatively poorer results, therefore we primarily
focus on the parsimony results (i.e. the strict consensus
tree) when describing the phylogenetic relationships within
Caimaninae, even though some results of the Bayesian
analysis are also mentioned.

The parsimony strict consensus shows a monophyletic
Caimanine (Fig. 9), with minimum Bremer support. A
single character supports the monophyly of caimanines,
which is a large supraoccipital exposure on the dorsal
skull table, with the parietal excluded from the caudal
edge of table (159: 0 — 3). The inclusiveness of Caimani-
nae is consistent with nearly all contemporary phyloge-
netic studies (e.g. Cidade er al. 2017, 20204, b; Cossette &
Brochu 2018; Souza-Filho et al. 2019), only differing from
the work of Bona et al. (2018), which found Brachy-
champsa and other closely related North American taxa
within the clade, as well as Protocaiman peligrensis (which
was consistently recovered outside Caimaninae here).

Within Caimaninae, Culebrasuchus mesoamericanus is
recovered as the sister taxon to all other members of the
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group, with Gnatusuchus pebasensis and Globidentosuchus
brachyrostris successively more nested in the group (Fig. 9).
Apart from the studies that used a very similar version of
our matrix (i.e. Cidade et al. 2017, 2020a, b; Souza-Filho
et al. 2019), which found the same arrangement regarding
Culebrasuchus mesoamericanus, Gnatusuchus pebasensis and
Globidentosuchus brachyrostris, the placement of Culebra-
suchus mesoamericanus as sister to all other caimanines was
also previously found by Cossette & Brochu (2018) and
Hastings et al. (2013), whereas some studies placed the
taxon within Alligatorinae (Salas-Gismondi et al. 2015;
Hastings et al. 2016; Bona et al. 2018). Our Bayesian infer-
ence analysis does not provide consistent results either. On
the one hand, the MCC tree places these three taxa among
caimanines, with the same arrangement of our parsimony
results (although Caimaninae was recovered with a poste-
rior probability of only 13%; Godoy et al. 2020, fig. S9).
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On the other hand, the MRC tree found Gnatusuchus and
Globidentosuchus within Caimaninae, but Culebrasuchus
was placed in a polytomy at the base of Alligatoroidea
(Godoy et al. 2020, fig. S7). The MAP tree shows a similar
scenario, with Culebrasuchus within Alligatorinae (Godoy
et al. 2020, fig. S8).

Successively sister to the crown-group caimanines are
Kuttanacaiman iquitosensis and the clade formed by the
three Eocaiman species (Fig. 9). Kuttanacaiman iquitosen-
sis as the sister taxon of crown-group Caimaninae is con-
sistent with recent analyses (Bona et al. 2018; Souza-Filho
et al. 2019; Cidade et al. 2020a), and is supported by cau-
dal teeth labiolingually compressed (79: 0 — 1) and a
marked pterygoid lateral process (ectopterygoid—pterygoid
flexure) projecting into the ectopterygoid (125: 0 — 1).

A monophyletic Eocaiman (Fig. 9) was also recovered by
Pinheiro et al. (2013), as well as other recent studies that
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included all three species (i.e. Cidade et al. 2017, 2020a, b;
Souza-Filho et al. 2019). The only exception is Bona et al.
(2018), who found the Eocaiman species in an unresolved
clade with Notocaiman stromeri (this later taxon was not
included in our data matrix due to its very incomplete
preservation). The single synapomorphy supporting a
monophyletic Eocaiman is the rostral portion of the den-
tary (between the first and the fourth teeth) dorsoventrally
lower than at the level of the 11th and 12th teeth (183:
0 — 1). Within Eocaiman, E. palaeocenicus is sister to the
clade formed by the other two species, which is supported
by the presence of procumbent dentary teeth (48: 1 — 0).
Bayesian inference does not provide further support for a
monophyletic Eocaiman, given that none of the consensus
trees (MRC, MAP and MCC trees) found this arrangement
(Godoy et al. 2020, figs S7-S9). Indeed, the only species of
the genus consistently found in our Bayesian analysis
within Caimaninae was E. palaeocenicus, whereas E. caver-
nensis was frequently found among alligatorines and
E. itaboraiensis was recovered outside Crocodylia.

Crown caimanines are recovered as a clade in the strict
consensus (Fig. 9), supported by three synapomorphies:
mandibular symphysis extending to fourth or fifth dentary
alveolus (49: 1 — 0); maxilla with linear medial margin
adjacent to suborbital fenestra (111: 1 — 0); and upturned
dorsal edges of the orbits (136: 0 — 1). Within crown
caimanines, Bottosaurus harlani is recovered as sister to Tsoa-
bichi greenriverensis (Fig. 9), and these two taxa form a clade
with the Paleosuchus species, as in Cidade et al. (2020a), in a
better resolved arrangement than that found by Cossette &
Brochu (2018). The clade formed by Bottosaurus harlani,
Tsoabichi and Paleosuchus is supported by four unambiguous
synapomorphies. Bayesian inference provides further sup-
port for this arrangement, given that all consensus trees
recover this clade with more than 70% posterior probability
(Godoy et al. 2020, figs S7-S9). It is worth mentioning that
we did not include Bottosaurus fustidens (Cossette 2020) in
our analyses, because its description was published shortly
before the submission of the present study.

Similar to the findings of Cidade ef al. (2020a), our
results show Caiman gasparinae as the sister group of the
clade formed by the four Mourasuchus species (Fig. 9), in
contrast to the results from Bona et al. (2012), who found
this taxon within Jacarea (ie. the node-based group
including the last common ancestor of Caiman crocodilus,
C. yacare, C. latirostris, and Melanosuchus niger and all of
its descendants; Brochu 1999). In our analysis, this
arrangement is supported by a single synapomorphy: the
nasals excluded from the external naris (82: 1 — 2). Given
that this region of the skull is very fragmentary in the type
and only specimen of C. gasparinae, further assessment
might elucidate whether or not this corresponds to the
correct morphological interpretation. The MCC tree of our
Bayesian analysis (Godoy et al. 2020, fig. S9) also

recovered C. gasparinae as sister to Mourasuchus, even
though with relatively low posterior probability (0.28).

As in Souza-Filho et al. (2019), and Cidade et al
(2020a), Acresuchus pachytemporalis is recovered as the
sister taxon of the Purussaurus species (Fig. 9), an
arrangement supported by three synapomorphies: pres-
ence of a large external mandibular fenestra, with most of
the foramen intermandibularis caudalis visible in lateral
view (63: 1 — 2); rostral tip of frontal forming an acute
point (130: 1 — 0); and dermal bones of skull roof over-
hanging the margin of a large and oval supratemporal
fenestra (151: 1 — 3). We found a sister taxon relation-
ship between the clade formed by Acresuchus and Purus-
saurus and the Centenariosuchus gilmorei + Jacarea clade,
which is supported by four synapomorphies: dorsal mar-
gin of iliac blade rounded, with modest dorsal indenta-
tion (34: 3 — 1); teeth circular in cross-section (79:
1 - 0); concavo-convex frontoparietal suture (150:
1 — 0); and presence of preorbital crest (186: 0 — 1).
This result is consistent with what was found recently by
Souza-Filho et al. (2019) and Cidade et al. (2020a), dif-
fering from previous studies, which frequently recovered
a closer relationship between Mourasuchus and Purus-
saurus (Salas-Gismondi et al. 2015; Bona et al. 2018),
sometimes forming a clade with the North American
taxon Orthogenysuchus olseni (Pinheiro et al. 2013; Hast-
ings et al. 2013, 2016). Orthogenysuchus was not included
in the present analysis because this taxon is currently
being reassessed after further preparation of the type
specimen revealed new features and possible reinterpreta-
tions (PLG pers. obs.; Salas-Gismondi et al. 2015).

Centenariosuchus gilmorei is recovered as the sister
taxon of a monophyletic Jacarea (Fig. 9), which in turn is
not fully resolved, but formed by Melanosuchus niger and
five Caiman species (C. wannlangstoni, C. brevirostris,
C. latirostris, C. crocodilus, C. yacare). This position for
Centenariosuchus gilmorei was recovered in previous stud-
ies (Bona et al. 2018; Souza-Filho et al. 2019; Cidade
et al. 2020a) and is supported here by an incisive fora-
men projecting between the first premaxillary teeth (89:
0 — 2). Regarding our Bayesian analysis, the MCC tree
recovered Centenariosuchus gilmorei in a similar position,
sister to a clade formed by Melanosuchus and those five
Caiman species (Godoy et al. 2020, fig. S9), even though
with a low posterior probability (0.11).

DISCUSSION

Caimaninae evolution and biogeography in a temporal
context

The topological constraint used for the time calibration
analysis was essentially that of the strict consensus of the
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maximum parsimony analyses without Protocaiman and
Necrosuchus (Fig. 9). The only difference was that we
have manually included (i.e. using Mesquite; Maddison &
Maddison 2018) Protocaiman and Necrosuchus in the
strict consensus topology based on the alternative posi-
tions indicated by the IterPCR results (Godoy et al
2020). Therefore, Protocaiman was included in a poly-
tomy at the base of the clade formed by Brevirostres and
Planocraniidae, whereas Necrosuchus was included in a
polytomy at the base of the clade formed by Eocaiman
and Kuttanacaiman + crown caimanines.

Our results indicate that the origin of Caimanine is
constrained between 83.86 and 70.34 Ma (95% highest
posterior density, HPD; median = 76.97 Ma), a range
that extends from the Santonian to the Maastrichtian (see
Fig. 10 for a reduced consensus tree; the complete time-
calibrated tree is available as a supplementary Newick file
in Godoy et al. 2020). A slightly older age (86.47—
72.76 Ma; median = 79.75 Ma) was estimated for the
Caimaninae—Alligatorinae split. Apparently, the current
topological conformation, with the oldest lineages not
represented by the oldest records (i.e. with long ghost lin-
eages close to the base), did not generate significant tem-
poral uncertainty regarding the origin of caimanines and
the Caimaninae—Alligatorinae split. Comparatively, there
are other nodes within Caimaninae with much higher
uncertainty (i.e. longer 95% HPD ranges), such as the
split between the two Paleosuchus species, as well as the
node formed by the Mourasuchus species and Caiman
gasparinae (Fig. 10).

A possible Campanian origin for Caimaninae is consis-
tent with the oldest known record of a putative crocody-
lian: Portugalosuchus azenhae, from the late Cenomanian
of Portugal (c. 95 Ma; Mateus et al. 2019). Although not
included in our analyses, this taxon is ¢. 10 myr older
than the oldest age estimated by our analyses for Caiman-
inae. Among recent efforts to obtain a time-calibrated
phylogeny for caimanines or crocodylians, Bona et al.
(2018) found an older (Coniacian) age for Caimaninae
using the minimum branch length (mbl) method. How-
ever, such as other a posteriori time-calibration methods
(sensu Lloyd et al. 2016), the mbl method has been criti-
cized for relying solely on occurrence data and suffering
from arbitrary choices and assumptions (Bapst 2014;
Lloyd et al. 2016). Other studies obtained divergence
times for Crocodylia using only molecular data, including
Oaks (2011) and the recently published work of Pan et al.
(2020). These two studies found the most recent common
ancestor of all living caimanines to be much younger
(Eocene and Oligocene—Miocene, respectively) than our
estimates for Caimaninae, even for crown caimanines
(70.95-62.55 Ma; median = 66.34 Ma). This can be
explained by either the complete absence of information
from fossils (i.e. in the case of Pan ef al. 2020) or the
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omission of some recently discovered taxa in node-dating
analyses (i.e. in the case of Oaks 2011). Finally, Lee &
Yates (2018) used total evidence (i.e. with both molecular
and morphological data) tip-dating analyses and found a
slight younger age for Caimaninae (Danian—Selandian)
compared with the present results. This is consistent if we
consider the recent reassessment of Bottosaurus harlani as
a caimanine, given that this Late Cretaceous taxon was
included in our analyses but not in those of Lee & Yates
(2018).

The above results can serve as an important tool for
analysing and interpreting the complex biogeographical
scenario during the early evolution of caimanines, an
issue already addressed by previous studies (Hastings
et al. 2013; Bona ef al. 2018). The oldest unambiguous
records of South American caimanines come from the
Paleocene of Argentina and Brazil (Eocaiman palaeoceni-
cus, E. itaboraiensis and Necrosuchus ionensis; Cidade et al.
2019b), as well as the two putative caimanines Proto-
caiman peligrensis and Notocaiman stromeri (Bona et al.
2018), this last taxon not included in our analyses due to
its fragmentary nature. Except for E. itaboraiensis, all of
these are from the Patagonian area of Argentina, located
in the south of the continent. Likewise, according to
nearly all recent phylogenetic analyses (Scheyer et al.
2019; Cidade et al. 2020a), the known representatives of
the earliest divergent caimanine lineages (i.e. Culebra-
suchus, Gnatusuchus and Globidentosuchus) are also from
South or Central America. Finally, almost all living
caimanines are found only in South America today, with
the only exception being Caiman crocodilus, which
extends its range to southern Mexico (Grigg & Kirshner
2015).

However, this seemingly entirely South and Central
American history has been challenged by recent quanti-
tative investigations of the historical biogeography of
Caimaninae, which indicated a North American origin
for the group (Hastings et al. 2013; Bona et al. 2018).
These studies used probabilistic methods, which are
highly sensitive to topological constraints, but the pre-
dominantly North American fossil record of Alligatori-
nae (the sister taxon of caimanines) provides support
for these results. Accordingly, a first dispersal event
from North to southern South America occurred early
in the evolution of Caimaninae, probably in the Late
Cretaceous according to our time-calibrated tree
(Fig. 10). The fact that the oldest and southernmost
South American records for the group (from the Pale-
ocene of Patagonia) do not currently represent the ear-
liest divergent caimanine lineages (which are from the
Miocene of Panama and the Amazonian region) pre-
dicts the presence of ghost lineages and an unknown
Late Cretaceous and Paleocene caimanine diversity in
Central America and northern South America.
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As suggested by previous quantitative studies (Hastings
et al. 2013; Bona et al. 2018), there were probably other
important biogeographic events during the evolution of
Caimaninae, including other dispersal events between
North and South America. Among these is the case of the
only two putative North American caimanines, Tsoabichi
greenriverensis and Bottosaurus harlani, which are found
as sister taxa in our analyses and form a clade with the
two species of Paleosuchus (Fig. 9), in agreement with
previous results (Cossette & Brochu 2018; Cidade et al.
2020a; Cossette 2020). This is interesting given both the
ages and the distribution of these four taxa. Whereas
Paleosuchus is extant and found only in South America,
Tsoabichi is from the Eocene and Bottosaurus harlani
from the Maastrichtian—Paleocene of North America. The
difference in age between these North American taxa and
Paleosuchus can probably explain the very long age range
of the split between the two Paleosuchus species, of more
than 20 myr (95% HPD range = 26.95-0.002 Ma;
median = 3.38 Ma). Furthermore, if further studies con-
firm the phylogenetic position for Bottosaurus harlani, it
would represent the oldest known record of Caimaninae,
providing further support for a North American origin of
the group. In this context, Tsoabichi could be understood
as a remnant representative of the same lineage, as well as
the newly described Bottosaurus fustidens, from the late
Paleocene of North America (Cossette 2020), which was
not included in the present study. Indeed, this would also
suggest that many of the early cladogenetic events of the
evolutionary history of caimanines took place in a rela-
tively short period of time, across the K-Pg boundary,
and possibly in the northern portions of the palaeogeo-
graphical distribution of the group.

Body size and palaeoecology of Eocaiman cavernensis

After comparing the cranial measurements of E. cavernen-
sis to that of multiple caimanine specimens (for details, see
Godoy et al. 2020, supporting information), we coarsely
estimated a DCL ranging from 16.05 to 27.67 cm. Given
the significant variation between these estimates, which
illustrates a high diversity of cranial lengths and shapes in
the group, we used the average value (20.69 cm) for apply-
ing the equations to estimate total body size (i.e. TL).
Using the equation of Hurlburt et al. (2003), we estimated
a TL for Eocaiman cavernensis of 1.59 m, whereas using the
equations of Aureliano et al. (2015) we estimated a TL of
1.78 m, with 95% confidence intervals between 1.53 and
2.07 m (see Godoy et al. 2020 for details). It is worth men-
tioning that the dataset used by Aureliano et al. (2015) for
obtaining the equations includes only juvenile or subadult
specimens of Caiman latirostris (Verdade 2000), which
may generate overestimations.

Nevertheless, we can be confident that this individual
was unlikely to have exceeded 2.5 m in total size. These
values would suggest that E. cavernensis was comparable
in size to most living caimanine species (Grigg & Kirsh-
ner 2015). The two Paleosuchus species are considered to
be the smallest caimanines, reaching no more than 2.3 m
(Paleosuchus palpebrosus is the smallest extant caimanine,
at up to 2.1 m; Sanaiotti et al. 2010; Grigg & Kirshner
2015), whereas the three Caiman species have maximum
sizes of ¢. 2-2.5 m. Given that among extant caimanines
only Melanosuchus niger can be regarded as a large croco-
dylian (reaching up to 4 m; Grigg & Kirshner 2015), the
current scenario might suggest that Caimaninae would
represent the lineage with the smallest species within Cro-
codylia. However, the fossil record for the group includes
some of the largest taxa known to date, not only among
crocodylians, but also when considering all crocodylo-
morphs (Godoy et al. 2019). The Miocene genera Purus-
saurus and Mourasuchus are widely known for being
gigantic, safely reaching more than 5 m in total length
(Price 1964; Langston 1965, 2008; Aguilera et al. 2006,
Aureliano et al. 2015; Cidade et al. 2017; Scheyer et al.
2019). In particular, the largest known specimen of
Purussaurus brasiliensis could have reached more than
12 m (Aureliano et al. 2015). Furthermore, Acresuchus
pachytemporalis and Bottosaurus harlani were also large-
bodied taxa (probably reaching more than 3 m; Cossette
& Brochu 2018; Souza-Filho et al. 2019). At the other
extreme, Tsoabichi greenriverensis and Eocaiman itabo-
raiensis were much smaller species, at nearly 1 m in total
length (Brochu 2010; Pinheiro et al. 2013).

This high variability in body size observed within
Caimaninae is reflected in the high degree of ecological
diversity displayed by its members. As with other living
crocodylians, modern caimanines are generalist carnivores.
Dietary preferences vary along ontogeny, with juveniles
tending to prey on insects, small fishes and crustaceans,
whereas adults usually add larger fishes, birds, and mam-
mals to their diet (Grigg & Kirshner 2015). Presumably,
analogous diets can be proposed for many extinct taxa,
mainly those with similar dentition and reaching larger
sizes (including Purussaurus, Acresuchus, and Bottosaurus
harlani; Aureliano et al. 2015; Souza-Filho et al. 2019). In
contrast, some other extinct species (such as Globidento-
suchus  brachyrostris,  Gnatusuchus  pebasensis, Kut-
tanacaiman  iquitosensis, Caiman wannlangstoni, and
Caiman brevirostris) were small-bodied animals displaying
variable degrees of crushing dentition, probably adapted
for a durophagous diet (Scheyer et al. 2013; Fortier et al.
2014; Salas-Gismondi et al. 2015). Among living taxa,
blunter teeth are also seen in adult specimens of Caiman
latirostris, the diet of which includes snails (ési & Barrett
2011; Osi 2014). Additionally, the peculiar morphology of
Mourasuchus, including a very long, broad and flattened
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snout, indicates a feeding behaviour that deviates from that
of most crocodylians (Langston 1965, 2008), with sugges-
tions including filter-feeding and gulp-feeding strategies
(Bona et al. 2013; Cidade et al. 2019¢).

In the case of Eocaiman cavernensis, the dentition with
sharper teeth rostrally and blunter ones caudally resem-
bles that seen in some extant caimanines, suggesting a
generalist feeding habit that may have included small ver-
tebrates and invertebrates (i.e. molluscs and crustaceans).
However, given the strongly procumbent rostral dentary
teeth of E. cavernensis, as well as the rostral part of the
dentary being at a relatively lower level than the caudal
portion, different strategies have been previously sug-
gested for the taxon. Among these, a ‘bottom-scooping’
foraging behaviour was hypothesized (Cidade & Hsiou
2018), similar to the ‘shovelling’ behaviour proposed for
Gnatusuchus  pebasensis (Salas-Gismondi et al. 2015).
Regardless of the specificities of Eocaiman cavernensis
feeding strategies, a semi-aquatic habit is consistently
inferred for the taxon. This lifestyle would be also com-
patible with its cranial morphology (e.g. dorsoventrally
low rostrum, dorsal position of the orbits, and dentition),
as well as with the climate of Patagonia during the Pale-
ocene and the Eocene, which was probably significantly
more humid and warmer than today, supporting the exis-
tence of more abundant vegetation and water bodies
(Béez & Gasparini 1977; Albino 1993; Gasparini 1996).

CONCLUSIONS

Eocaiman cavernensis is an important representative of
Caimaninae, a group of predominately South and Central
American crocodylians. During the last decades, this
Eocene taxon from southern Argentina has been included
in multiple phylogenetic analyses, but a more detailed
morphological assessment was lacking. Here, we present a
redescription of the type specimen of Eocaiman cavernen-
sis (AMNH FARB 3158) based on close examination of
the fossil material and uCT data. This allowed us to rein-
terpret some aspects of the specimen’s morphology and
to subsequently reassess the phylogenetic relationships
within Caimaninae. Our initial maximum parsimony
results yielded a poorly resolved strict consensus, which
was caused by the presence of highly unstable taxa, such
as Protocaiman peligrensis, Necrosuchus ionensis and Eocai-
man itaboraiensis. This was consistent with the Bayesian
inference analysis and the IterPCR results, which located
these taxa in alternative positions across the crocodylian
phylogeny. Then, another set of analyses (without some
highly unstable taxa) provided much improved results.
We found a monophyletic Eocaiman genus and recovered
Culebrasuchus mesoamericanus as the sister taxon to all
other caimanines. Our results do not support the
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inclusion of the North American globidontans (i.e. taxa
closely related to Brachychampsa) within Caimaninae.
Additionally, we provide a time-calibrated tree of
Caimaninae (for the first time using an FBD model),
which can serve as a basis for future quantitative analyses
(i.e. biogeographical and other phylogenetic comparative
methods) on the group. Our results indicate a Campanian
origin for Caimaninae (c. 75 Ma), which suggests that a
dispersal event from North to southern South America
occurred early in the evolution of the group, possibly
during the Late Cretaceous. Finally, we also estimate the
total body length of Eocaiman cavernensis as not more
than 2.5 m, which is about the size of most living caima-
nines. Eocaiman cavernensis was probably a semi-aquatic
taxon, whereas the presence of rostral procumbent teeth
in the lower jaws, as well as that of blunter teeth more
caudally, suggests a generalist diet, possibly associated
with a bottom-scooping behaviour in rivers, lakes, and
other aquatic environments.
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