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Abstract

In this contribution, we investigate two sparassodonts from the Sarmiento Formation (Colhuehuapian Age; Early
Miocene) recovered at the Patagonian locality of Sacanana, Chubut Province, Argentina. The first specimen (MACN-Pv
CH1911), identified as Sipalocyon externus, is an almost complete cranium with upper dentition. The second specimen
(MACN-Pv CH40), referred to Borhyaena macrodonta, consists of a fragmentary rostral portion of the face with asso-
ciated m3-m4. The cranium of S. externus was studied through pCT-scanning to investigate its internal anatomy

and infer paleoecological aspects of olfaction and hearing. In general, the endocranial anatomy and encephaliza-
tion quotient are like those of other metatherians. We report the presence of an accessory transverse diploic sinus
that has not previously been described in marsupials. Elements of the nasal cavity (e.g., turbinals, ossified nasal
septum, cribriform plate) of S. externus exhibit features that are widespread among marsupials. Sense of olfaction,

as evaluated from the cribriform plate and the 3D models of the olfactory bulbs, appears to have grossly resembled
that of the domestic cat, a well-researched therian proxy. The dimensions of the tympanic membrane, as estimated
from the preserved ectotympanic, suggest that the optimal hearing frequency of S. externus would have been similar
to that of extant carnivorous marsupials. In sum, our study suggests that S. externus was a typical small-bodied

(2-3 kg) hypercarnivorous metatherian that primarily relied on vision to hunt its prey, complemented by other sen-
sory capabilities (olfaction and hearing), in a similar manner to small felids.

Keywords Stem Marsupialia, Neogene, Neuroanatomy, Endocast, Sensory system

Editorial handling: Marcelo Sanchez-Villagra.

*Correspondence:

Charlene Gaillard

charlene.gaillard.pal@gmail.com

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13358-024-00312-x&domain=pdf
http://orcid.org/0000-0001-9400-7278

20 Page 2 of 34

Introduction

Following the Paleogene/Neogene transition, worldwide
temperatures became progressively warmer, peaking
in the Middle Miocene (De Vleeschouwer et al., 2017;
Westerhold et al., 2020; Zachos et al., 2001). During the
Early Miocene, forested environments with patches of
open, dry-tolerant vegetation prevailed in Patagonia
(Barreda & Palazzesi, 2010, 2014) under warm-temperate
conditions (Bellosi & Gonzalez, 2010; Bellosi et al., 2021;
Bucher et al., 2021). At this time, the South American
land-mammal fauna was highly endemized, as a con-
sequence of long-term biogeographical isolation (e.g.,
Simpson, 1980). In particular, the carnivorous mammal
guild was exclusively represented by Sparassodonta, a
metatherian clade related to crown Marsupialia (Sudrez
et al., 2023 and references therein). Sparassodonts occu-
pied a variety of ecological niches represented by small-
to large-sized predators (e.g., Prevosti & Forasiepi, 2018
and references herein).

In Patagonia, Early Miocene (Aquitanian) mammalian
diversity is well represented at outcrops of the Sarm-
iento, Chichinales, Cerro Bandera, and Sierra Negra
formations in Rio Negro, Neuquén, and Chubut prov-
inces in Argentina (Barrio et al., 1989; Garrido et al.,
2012; Kramarz et al., 2005), and part of the Cura Mallin
Formation in Chile (e.g., Flynn et al., 2008). One of the
most productive and well-studied units of this age is
the Colhue Huapi Member of the Sarmiento Formation
exposed at Gran Barranca, south-central Chubut prov-
ince (e.g., Madden et al., 2010). Its mammal component
forms the taxonomic base for the Colhuehuapian Age

Fig. 1 Location of the Sacanana fossil site, Chubut Province, Argentina
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(Kay et al.,, 1999; Madden et al.,, 2010; Simpson, 1940).
Radiometric dates and magnetostratigraphic studies of
Gran Barranca establish that the Colhuehuapian Land
Mammal Age lies between 21.0 and 20.5 Ma (Dunn
et al,, 2013).

The Sacanana fossil site, in north-central Patagonia
(Fig. 1), is about 30 km west of the town of Gan Gan,
Gastre Department, Chubut Province (e.g., Rusconi,
1933, 1935a). The site lies in the Pampa de Gan Gan
and consists of outcrops of the Sarmiento Formation
(Bown & Fleagle, 1993). The exposed sedimentary
sequence corresponds to fluvially reworked pyroclastic
deposits, intercalated with basaltic extrusive volcanic
rocks (Bown & Fleagle, 1993). The sequence includes
immature paleosols that are characterized by intense
bioturbation, rhizoliths, and abundant invertebrate
and vertebrate fossils. Stratigraphic structures in fossil-
bearing levels at Sacanana suggest that the vertebrate
accumulation was a consequence of quicksand entrap-
ment (Bown & Fleagle, 1993). Like various important
fossil sites in Patagonia (e.g., Madden et al., 2010),
detailed geological studies at Pampa de Gan Gan are
still needed.

Sacanana is known for its rich fossiliferous layers
first described by C. Rusconi nearly a century ago (e.g.,
Rusconi, 1933, 1935b). The mammalian assemblage
is represented by South American native ungulates,
platyrrhine primates, caviomorph rodents, and pau-
cituberculatan metatherians (Rusconi, 1933, 1935a—c;
Hershkovitz, 1974; Fleagle & Bown, 1983; Bown &
Fleagle, 1993; Kay et al., 2004; Abello, 2007; Goin et al.,
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2007; Kay, 2010; Vucetich et al., 2010; Arnal & Kramarz,
2011). Sparassodonts have not yet been mentioned for
this site, although fossils of the borhyaenid Acrocyon
riggsi (Sinclair, 1930) have been recovered not far from
Sacanana, in exposures of the Sarmiento Formation in
the vicinity of provincial Route 59, between Sacanana
and the Escorial (Goin et al., 2007). Overall, the taxic
content of Sacanana is largely consistent with other
Colhuehuapian faunas; the few taxonomic differences
with Gran Barranca can be ascribed to differences in
local environments (Vucetich et al., 2010).

Most of the previously collected Sacanana material
consists of fossils contained in silicified concretions. This
collection, pending further study, is housed in the Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia”
(MACN) (Martinelli A. G. pers. com., 2022). Although
the quality of preservation of the fossils is exquisite, con-
cretions make preparation hard. Fortunately, microto-
mography (pCT) solves the problem of acquiring
morphological information without having to physically
prepare the material. Here, we present descriptions of
two sparassodonts from the Sacanana collection: MACN-
Pv CH1911, an almost complete cranium with upper
dentition, assigned to Sipalocyon externus Ameghino,
1902; and MACN-Pv CH40, a fragmentary rostral por-
tion of the face with associated m3-m4, referred to
Borhyaena macrodonta (Ameghino, 1902).

The main goal of this study is to contribute to knowl-
edge of the endemic South American clade Sparas-
sodonta by focusing on morphological, taxonomic, and
paleobiological aspects of newly investigated cranial
material of S. externus and Borhyaena macrodonta. Use
of uCT scanning greatly improved the inferences we have
been able to make concerning novel aspects of olfaction
and hearing capabilities in hathliacynids.

Materials and methods

The fossil material (MACN-Pv CH1911 and MACN-Pv
CH40) described here was collected in the 1980s during
paleontological expeditions to Patagonia jointly organ-
ized by the Museo Argentino de Ciencias Naturales “Ber-
nardino Rivadavia” of Buenos Aires, Argentina and the
State University of New York at Stony Brook, USA. These
expeditions were led by M. E. Soria and J. G. Fleagle. The
specimen MACN-Pv CH1911 is the most complete cra-
nium known for S. externus. The specimen MACN-Pv
CH40 is a highly fragmentary rostral portion of the face
with partial dentition, and is referred to Borhyaena mac-
rodonta. For comparative material included in this study,
see Additional file 1: Table S1. Scanning of MACN-Pv
CH1911 was performed on the GE Phoenix vtomex
L240-180 puCT scanner housed at the X-ray Tomogra-
phy Imagery Platform AST-RX MNHN in Paris, France,
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with slice thickness of 0.049 mm, at 135 kV and 300 mA.
The resulting image stack consists of 1994 slices of
1084:x 743 pixels. The cranium of S. gracilis Ameghino,
1887 AMNH VP-9254 was scanned at the AMNH facil-
ity in New York, USA, for which technical information
is given in Forasiepi et al. (2019). The cranium of Sipalo-
cyon sp. MPM-PV 4316 was scanned on the Philips Bril-
lance 64 tomograph of the Equipo de Neurocirurgia
Endovascular Radiologia Intervencionista housed at the
Clinica La Sagrada Familia in Buenos Aires, Argentina,
at 120 kV and 313 pA, with slice thickness of 0.400 mm,
resulting in 263 slices of 77x78 pixels. The petrosal of
Sipalocyon gracilis MACN-A 5952 was scanned on the
MicroCT Bruker SkyScan 1272 housed at the Faculty of
Odontology of the University of Buenos Aires (FOUBA),
Argentina, at 100 kV and 100 mA, with slice thickness of
0.016 mm, resulting in 523 slices of 824X 708 pixels.
Image stacks were visualized and edited in Image] 1.52
(Abramoff et al., 2004). Selected images were segmented
with 3D Slicer 4.10.2 (Fedorov et al., 2012) and Mim-
ics 17.00 (Materialise, Leuven, Belgium; conducted at the
Paleontology Imaging Unit of CR2P Centre de Recherche
en Paléontologie Paris, MNHN/CNRS/SU) to produce
digital 3D models of osseous elements and endocranial
cavities. Within the braincase endocast, cranial nerves
(CN) were segmented as far as their respective exit foram-
ina, with the exception of the facial (CNVII) and vestibu-
locochlear (CNVIII) nerves which were cut at the internal
acoustic meatus following Macrini et al. (2007b). To avoid
redundant use of the term “cast’, this term is dropped in
the text and, except when noted otherwise, this conven-
tion is used throughout the subsection Braincase endo-
cast (e.g., “olfactory bulbs” refers to “olfactory bulbs cast”;
“hypophyseal fossa” refers to the “hypophyseal fossa” cast).
Tooth description follows Goin et al. (2016). The homol-
ogies of the distal lower molar structures of borhyaenids
follow Forasiepi et al., (2015; for alternative interpretation
see Goin et al.,, 2007). Nomenclature for internal and exter-
nal cranial descriptions follows Wible (2003, 2022) and
particular additions on Sparassodonta are from Forasiepi
et al. (2019). Terminology of the nasal cavity follows
Macrini (2012), Rowe et al. (2005), and Wible (2022).
Measurements on the specimens were taken with a cali-
per. Digital measurements were taken on the 3D models
in 3D Slicer (version 4.11.20200930) and Avizo/Amira 7.1
(Zuse Institute Berlin and Visualization Sciences Group,
1995-2012). Measurements on the bony labyrinth follow
Ekdale (2010, 2013), with the exception of the radius of cur-
vature, height and width of semicircular canals, and inner ear
length which follow Billet et al. (2013), Hurum (1998), Luo
et al. (1995), respectively. Linear measurements of the endo-
cast follow Macrini et al. (2007a, 2007b; see also Additional
file 1: Linear Measurements). Surface of the neocortex was



20 Page 4 of 34

calculated as the surface of the cerebral hemispheres delim-
ited by the rhinal fissure including the dorsal sagittal sinus
sulcus but excluding the transverse sinus sulcus. Volume
separation of the braincase endocast follows Weisbecker
et al. (2021) and Macrini et al. (2007a) for the paraflocculus
cast. Total volume of the braincase endocast was converted
to grams by multiplying it by 0.96 (Haight & Nelson, 1987;
see also Wroe et al., 2003.

Following Bird et al. (2014), we digitally isolated the per-
forated area of the cribriform plate and superficially filled all
foramina using 3-matics Research 13.0 (Materialise, Leuven,
Belgium). To render a continuous surface, a small broken
fragment of the perforated area of the cribriform plate was
reconstructed (< 1 mm?). The resulting number of functional
olfactory receptor genes was estimated based on Bird et al.
(2018).

The area of the pars tensa of the tympanic membrane was
estimated as the area of a circle, the maximum diameter of
which fits the maximum distance between the rostral and
the caudal crura as measured along the crista tympani.

Body mass was inferred from morphological measure-
ments and previous formulas based on total jaw length and
total skull length (Myers, 2001), third upper molar (M3)
length (Gordon, 2003), and inner ear length (Ekdale, 2013).
The encephalization quotient (EQ) equation was given by
Jerison (1973). Because the equation’s parameters vary in dif-
ferent mammalian clades (e.g., Bertrand et al., 2019; Smaers
et al,, 2021), encephalization quotients were calculated fol-
lowing three authors (Eisenberg, 1981; Jerison, 1973; Smaers
et al,, 2021) and given as a range of values according to the
minimum and maximum body mass estimations (see also
Bertrand et al., 2020).

Institutional abbreviations

AMNH VP, American Museum of Natural History, Depart-
ment of Vertebrate Paleontology, New York, NY; FMNH P,
Field Museum of Natural History, Paleontology Collection,
Chicago, IL; MACN, Museo Argentino de Ciencias Natu-
rales “Bernardino Rivadavia” (MACN-A, Ameghino Col-
lection; MACN-Pv CH, fossil vertebrate collection), Buenos
Aires, Argentina; MLP, Museo de La Plata, Buenos Aires,
Argentina; MHNC, Muséum national d’Histoire naturelle,
Paris, France; MPM-PV, Museo Regional Provincial “Padre
M. J. Molina’, Rio Gallegos, Argentina; MPEF-PV, Museo
Paleontolégico “Edigio Feruglio’, Vertebrate Paleontology
Collection, Trelew, Argentina; YPM-VPPU, Yale Peabody
Museum, ex-collection of Princeton University, New Haven,
CT.

Anatomical abbreviations

Capital and lowercase letters refer to upper and lower
teeth, respectively: C/c, canine; 1/i, incisor; M/m, molar;
P/p, premolar.
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Systematic paleontology
Metatheria Huxley, 1880

Sparassodonta Ameghino, 1894

Hathliacynidae Ameghino, 1894

Sipalocyon Ameghino, 1887

Type species. Sipalocyon gracilis Ameghino, 1887

Sipalocyon externus Ameghino, 1902

(Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10; Additional file 1:
Figures S1-14)

Holotype. MACN-A 52-383, a partial left palate pre-
serving P3—M3 and partial right palate with roots of P1,
complete P2-M2, and isolated M4, fragments of skull
roof, and an isolated right astragalus (Additional file 1:
Figure S15) from Gran Barranca, Chubut Province,
Patagonia, Argentina; Colhue Huapi Member, Sarmiento
Formation, Early Miocene, Aquitanian, Colhuehuapian
Age.

Referred specimen. MACN-Pv CH1911, almost com-
plete cranium with partially preserved upper postcanine
dentition from Sacanana, Chubut Province, Patagonia,
Argentina; Sarmiento Formation, Early Miocene, Aquita-
nian, Colhuehuapian Age.

Description

The specimen MACN-Pv CH1911 is well preserved,
despite some lateral deformation (Fig. 2A—C; Additional
file 1: Figure S1). The cranium lacks both premaxillae, the
rostral part of the nasals, most of the zygomatic arches
(mostly jugals and part of squamosals), most of the
pterygoids, and part of the floor of the middle ear cavity.
Sutures are partly discernible. Specimen is incompletely
prepared due to lithified matrix.

Snout

The preserved part of the snout is formed by the paired
maxilla, nasal, and palatine bones. The incisive foramina
are missing. The snout is slightly shorter (length from
the distal border of the canine alveolus to the distal root
of the M4 vs. width of palate measured between the lin-
gual roots of M4s: 1.2%) than that of S. gracilis (AMNH
VP-9254: 1.5%) and Cladosictis patagonica Ameghino,
1887 (YPM-VPPU 15170: 1.9%). In dorsal view, nasals are
narrow, with some broadening at the level of the infraor-
bital foramen. Nasals contact the lacrimals as in other
sparassodonts (Babot et al., 2002; Fig. 2; Forasiepi et al.,
2006, 2015; Forasiepi, 2009), and are interposed between
the frontal and maxilla in contrast to extant marsupials
(with some exceptions; e.g., Beck et al., 2022; O’Leary
et al., 2013; Wible, 2003). The dorsal surface of the nasals
is pierced by numerous tiny foramina, likely vascular
(Additional file 1: Figure S3E). Suture between nasals
and frontals defines a widely open U-shape and extends
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Fig. 2 Digital reconstruction of the crania of A-C S. externus MACN-Pv CH1911 and D-F S. gracilis AMNH VP-9254 in right lateral (A, D), dorsal (B,
E), and caudal (C, F) views. Scale bars represent 1 cm. BS basisphenoid, cchf caudal condylohypoglossal foramen, cod occipital condyle, df diploic
foramen, eam external acoustic meatus, £EC ectotympanic, ef, ethmoidal foramen, emf emissary foramen, EX exoccipital, fio interorbital fenestra, fmg
foramen magnum, FR frontal, fr foramen rotundum, frp frontal process of the jugal, iof infraorbital foramen, IP interparietal, JU jugal, LA lacrimal, lacf
lacrimal foramen, MX maxilla, NA nasal, ncr nuchal crest, PA parietal, pgp postglenoid process, pop postorbital process of frontral, PS presphenoid,
PT pterygoid, PX premaxilla, pzf postzygomatic foramen, scr sagittal crest, sgc supraglenoid crest, smf suprameatal foramen, SO supraoccipital, sof
sphenorbital fissure, son supraoccipital notch, SQ squamosal, t/ temporal line

caudally almost to the level of the postorbital processes of
the frontals, similar to the condition in S. gracilis (Fig. 2B,
E).

In lateral view, the canine alveolus swells the facial
process of the maxilla. The socket of the canine extends
inside the maxilla to the level of the distal border of
P2, as seen in coronal section (Additional file 1: Figure
S3B). At the level of M3/M4, there is a concave area
for the attachment of the superficial masseter mus-
cle (Hiiemae & Jenkins, 1969; Turnbull, 1970). The

infraorbital foramen opens on the facial process of the
maxilla (Fig. 2A). It is oval in rostral view and opens
toward the rostrum at the level of the anterior root of
P3, which is characteristic of most of the specimens
of the genus Sipalocyon (Marshall, 1981; in S. gracilis
AMNH VP-9254 the opening is slightly caudal, at mid-
level of P3; Fig. 3D). The infraorbital canal is short but
wide in caliber with its caudal opening, the maxillary
foramen, located rostral to the level of the distal border
of M1 (Fig. 3A-B). The canal transmits the infraorbital
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Fig. 3 Digital reconstruction of major canals of the snout of A, B S. externus MACN-Pv CH1911 (reversed) and C, D S. gracilis AMNH VP-9254

in ventral (A, C) and lateral views (B, D). Arrows indicate the location of hidden structure. Colors: blue, nasolacrimal canal; green, infraorbital canal;
red, palatine canal, orange, sphenopalatine canal. Dashed lines represent the route by which the palatine nerve reaches the pterygopalatine
fossa through the sphenopalatine foramen. Scale bars represent 1 cm. joc infraorbital canal, nlc nasolacrimal canal, plc palatine canal, pcf foramen

for the palatine canal, spc sphenopalatine canal

nerve (CNV,) and vessels to supply the teeth, nose,
face, and rhinarium (e.g., Evans & de Lahunta, 2013;
Wible, 2003). In S. gracilis, the maxillary foramen opens
at the level of the mesial root of M2 (Fig. 3C-D), more
caudally than that of S. externus.

As seen in coronal sections, the incisivomaxillary canal
extends rostrally from the infraorbital canal at the level of
the mesial root of P3 near to the opening of the infraor-
bital foramen (Additional file 1: Figure S3C). It divides
within the maxilla into smaller canals that end within the
alveoli of the rostral teeth. The incisivomaxillary canal
carries the rostral superior alveolar nerve of the trigemi-
nal nerve (CNV,) and accompanying vasculature sup-
plying the upper teeth (e.g., Archer, 1976; Evans & de
Lahunta, 2013; Rowe et al., 2005).

Similar to the nasals, various tiny foramina pierce the
external surface of the facial process of the maxilla, a
condition seen in other sparassodonts (Forasiepi, 2009;
Forasiepi et al., 2015). In ventral view, the maxilla flares
outward. This feature is more evident on the left lateral
side, but its appearance may be exaggerated due to lat-
eral deformation of the cranium. The suture between
the maxilla and the palatine is interdigitated. The rostral

portion of the palatine makes a circular arc concave cau-
dally. The apex of the arc reaches the level of M1/M2
(Fig. 3A). In S. gracilis, the rostral portion of the palatine
is rather triangular, but also reaches the level of M1/M2
(Fig. 3C). The intermaxillary suture and the mid-palatine
suture are straight, with the latter slightly embossed.
The hard palate extends caudally to the distal border of
M4. There is no thick palatine torus, as in didelphids
(e.g., Beck et al., 2022; Wible, 2003), but rather a double-
arched caudal edge of the palatine. Both minor palatine
foramina open at the caudal border of the palate, lateral
to the nasopharyngeal passage (Additional file 1: Fig-
ure S3P). These foramina are oval and rather large. They
transmit the minor palatine nerve (CNV,) and vessels to
supply the soft palate (Evans & de Lahunta, 2013).

The surface of the palate is pierced by multiple small
foramina on the maxilla and palatine bones (Fig. 3). Most
of these foramina are irregularly distributed, except for a
large pair at the level of the canines. In coronal section
(Additional file 1: Figure S3A—K), these foramina as well
as most of the small irregularly distributed apertures are
connected by a canal of major caliber seen on both sides
of the palate. This canal, identified as the palatine canal
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(see below), passes through the palate inside the palatine
and maxillary bones. Caudally, it runs at the level of the
ethmoid plate, medial to the sphenopalatine canal, opens
into the nasopharyngeal meatus, and finally terminates in
the sphenopalatine foramen.

A similar pattern of foramina in the palate has been
described for the extant armadillo Euphractus sexcintus
(Wible & Gaudin, 2004). In the dog (Evans & de Lahunta,
2013) equivalent openings are for the major palatine
nerve (CNV,) and associated vasculature supplying the
oral side of the hard palate. Among sparassodonts, pre-
vious interpretations based on external anatomy also
considered the multiple foramina in the hard palate as
openings for the major palatine nerve and accompany-
ing vasculature (e.g., Forasiepi, 2009), given the absence
of individual major openings for this structure as seen in
marsupials (maxillopalatine fenestra and its synonyms
in Beck et al., 2022 and references therein) and other
mammals (major palatine foramen in e.g., Evans & de
Lahunta, 2013). Le Verger et al. (2021) made an exten-
sive comparison of the palatine canal and associated
foramina in several xenarthrans (armadillos, including
pampatheres and glyptodonts, sloths, and anteaters) and
found a recurrent pattern in which confluence between
the caudalmost course of the palatine and sphenopala-
tine canals frequently occurs among sampled species.
We observed a similar canal organization in the palate
of S. externus MACN-Pv CH1911 and S. gracilis AMNH
VP-9254 (Fig. 3), differing from that of the dog (Evans &
de Lahunta, 2013). We interpret these observations to
mean that the sphenopalatine foramen of Sipalocyon is
the route by which the palatine nerve reaches the ptery-
gopalatine fossa (i.e., there is no individual caudal pala-
tine foramen for the palatine canal; see also Le Verger
et al,, 2021).

The sphenopalatine foramen is a large aperture, located
at the junction of the orbital platform and orbital wall
and at the level of the anterior root of M3, similar to the
condition in S. gracilis (Fig. 3). The sphenopalatine canal
is short, connecting the pterygopalatine fossa and the
nasal cavity at the level of M2. The canal conveys the cau-
dal nasal nerve (CNV,) to supply the nasal portion of the
palate, the sphenopalatine vessels (Evans & de Lahunta,
2013), and the major palatine nerve and associated ves-
sels, as interpreted above.

Nasal cavity

The ossified nasal septum, vomer, parts of the turbinals,
and cribriform plate are mostly preserved in situ in S.
externus MACN-Pv CH1911, providing information on a
poorly known region of the cranium in fossil metatheri-
ans (Fig. 4; Additional file 1: Figures S3, 5-10). Volume
of the nasal cavity is~7000 mm? (slightly less than the

Page70of34 20

total volume of the encephalic cavity, see Braincase endo-
cast below), with the nasopharyngeal meatus contribut-
ing ~ 25% of the volume and the sphenoidal recess ~75%.

The maxilloturbinal is arborlike with at least four rami-
fications, some of which give off other smaller branches
(Fig. 4C; Additional file 1: Figures S3A, D—G, and S5).
The caudalmost portion of the maxilloturbinal attaches
to the lateral wall of the nasal cavity at the level of the
canine root (Additional file 1: Figure S3E) and further-
more connects to the nasoturbinal at the apex of the
alveolus for P3 (Additional file 1: Figure S3F). The maxil-
loturbinal caudally ends at the level of M1, slightly cau-
dal to the caudalmost extent of the lateral recess (sensu
Macrini, 2012; for discussion see Rossie, 2006).

The left nasoturbinal is almost completely preserved
and extends along the entire nasal cavity, from the level
of the canine to the cribriform plate (Fig. 4A; Additional
file 1: Figures S3A-O and S6). The rostral nasoturbi-
nal is ossified as a small but thick process similar to the
one expressed in Dromiciops gliroides Thomas, 1894
(Macrini, 2012: Fig. 10). The rostral and caudal nasotur-
binal fuse at the level of P3. The rostral part of the cau-
dal nasoturbinal has one straight branch that occupies
a large portion of the nasal cavity and is oriented later-
ally. Rostrally, this branch connects to the wall of the
incisivomaxillary canal and caudally to that of the nasol-
acrimal canal (Additional file 1: Figure S3C-D). This
continuous contact of the caudal nasoturbinal to other
elements of the nasal cavity separates the main cav-
ity from the space for the lateral recess (sensu Macrini,
2012). Caudal to P3, the caudal nasoturbinal loses its ven-
tral connection to the nasolacrimal canal and occupies
the dorsal part of the nasal cavity, forming an upward
curl. There is one small pneumatic vacuity at the level
of M2 (Additional file 1: Figure S3K), similar to that of
Dasyurus viverrinus (Shaw, 1800) (Macrini, 2012: Figs. 9,
10). The caudal nasoturbinal also bifurcates in its rostral-
most portion into a short but distinct ventral branch to
which the maxilloturbinal attaches (Additional file 1: Fig-
ure S3F). This secondary branch contacts the floor of the
nasal cavity caudally (Additional file 1: Figure S3H) and
merges with the ethmoid plate (sensu Rowe et al., 2005).

There are five endoturbinals and two ectoturbinals
(following Macrini, 2012; Fig. 4B; Additional file 1: Fig-
ures S3N-O, S7, S8). The endoturbinals and ectoturbinals
are loosely packed, with few branches (Additional file 1:
Figure S3L). This seems to also be the condition of S. gra-
cilis based on similarly located attachment points of the
endoturbinals and the ethmoid plate (Additional file 1:
Figure S4F). In S. externus, there is a fragment of turbinal
fused to the cribriform plate and other small fragments
dorsal to the rostral portion of endoturbinal II that are
interpreted as pieces of endoturbinal I (Fig. 4A—C). Indicia
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Fig. 4 Digital reconstruction of the inner nasal bones of S. externus MACN-Pv CH1911 in A dorsal, B right lateral, and C rostral views; D cribriform
plate in encranial view (i.e., viewed from the encephalic cavity), with wrapped surface used to estimate functional olfactory receptor genes

in transparent grey. Colors: blue shades, endoturbinals; dark grey, ossified nasal septume; green, maxilloturbinal; light grey, vomer and vomerine
wing; red, nasoturbinal; yellow, ectoturbinal. Scale bars represent 1 cm. cef cribroethmoidal foramen, cg crista galli, cnt caudal nasoturbinal, cp
cribriform plate, ec ectoturbinal, en endoturbinal, ep ethmoid plate, mt maxilloturbinal, onf olfactory nerve foramen, ons ossified nasal septum, rnt

rostral nasoturbinal, trl transverse lamina, vo vomer, vw vomerine wing

for endoturbinal I are also present on the lateral wall of the
nasal cavity, where a horizontal crest indicates its original
area of attachment. In addition, there is a large empty space
between the nasoturbinal and endoturbinal II-V, suggest-
ing that its volume has been partially filled by the structure
of endoturbinal I (Fig. 4B). Endoturbinal I and II have small
pneumatic vacuities similar to the caudal nasoturbinal (e.g.,
Additional file 1: Figure S3I). The ectoturbinal 1 is fragmen-
tary but could be reconstructed, whereas ectoturbinal 2
preserved only the point of attachment to the wall of the
nasal cavity (Additional file 1: Figure S3N-O).

The ethmoid plate attaches to the floor of the nasal
cavity caudal to the level of M2 (Additional file 1: Fig-
ures S3L and S9). Rostrally, it attaches to the thin roof
of the palatine canal. In S. gracilis, the ethmoid plate

attaches to the floor of the nasal cavity near the palatine
canal, but apparently without fusing to it (unless break-
age is obscuring the real morphology; Additional file 1:
Figure S4D-E). Like the condition seen in extant marsu-
pials (Macrini, 2012), the ethmoid plate does not contrib-
ute to the cribriform plate in Sipalocyon.

The lateral shelf projecting from the vomer or vomer-
ine wing (sensu Wible, 2022) starts at the level of P3
(Additional file 1: Figure S9). This structure is similar
to that of extant marsupials (e.g., Dasyurus hallucatus
Gould, 1842). It enlarges caudally at the level of M2 to
form the large and flat roof of the nasopharyngeal pas-
sage, the transverse lamina (sensu Wible, 2022). When
viewed dorsally, the transverse lamina is triangular in
shape with its apex caudally oriented (Additional file 1:
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Figure S9). The rostral part of the transverse lamina is
marked by two large notches on each side of the ossified
nasal septum. The notches correspond to the caudal-
most sphenethmoid apertures (Rowe et al., 2005). Rostral
to them, at least two other sphenethmoid apertures are
framed by the endoturbinals (Additional file 1: Figure S9).
There are also three pairs of sphenethmoid apertures in
Monodelphis Burnett, 1829 allowing the passage of air
from the nasopharyngeal meatus to the olfactory epithe-
lium of the turbinals, where neuronal interpretation takes
place (Rowe et al., 2005).

The ossified nasal septum extends from the level of P2
to the cribriform plate, forming a straight and regular
medial structure separating the left and right parts of the
nasal cavity (Fig. 4A, C; Additional file 1: Figure S3B-P).
In S. gracilis, the ossified nasal septum starts at the mid-
level of P1 (Additional file 1: Figure S4B). The ossification
of the nasal septum starts more rostrally in extant marsu-
pials, proceeding as far as the upper canine (mesethmoid
in Macrini, 2012; Rowe et al., 2005). A swelling at the
base of the ossified nasal septum is present in Sipalo-
cyon (Additional file 1: Figures S3B and S4B-C); it is also
described for marsupials, suggesting that this swelling
might be ubiquitous not only in the latter (Macrini, 2012)
but in metatherians in general. There is no additional
bulge in the ossified nasal septum of S. externus. In con-
trast, S. gracilis exhibits one long bulge extending from
the level of P3 to M2 (Additional file 1: Figure S4C-E).
Caudally, the ossified nasal septum connects with the
cribriform plate to form the crista galli (Allen, 1882;
Macrini, 2012; Rowe et al., 2005).

The crista galli, as seen in encranial view (i.e., viewed
from the encephalic cavity; sensu Allen, 1882; see also
Macrini, 2012), is continuous with the cribriform plate
and extends as a small ridge towards the encephalic cav-
ity (Fig. 4D). The encranial surface of the cribriform plate
is heart-shaped and slightly concave. The dorsalmost
and largest foramen of the cribriform plate is the cri-
broethmoidal foramen, bordered dorsally by the caudal
nasoturbinal (Additional file 1: Figure S3N) and carrying
a division of the ethmoidal nerve (Toeplitz, 1920; Wible,
2008). It is at least twice as large as the other foramina
and triangular in shape. Ventral to the cribroethmoi-
dal foramen are five pairs of oval foramina, similar in
size, and aligned vertically as usual in extant marsupials
(Macrini, 2012). Additional foramina of various sizes, all
smaller than the cribroethmoidal foramen, are present
around the six main pairs and most of them are distrib-
uted around the borders of the cribriform plate.

Orbitotemporal region
The orbitotemporal region comprises the large, con-
tinuous, oval depression as seen in lateral view, formed
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jointly by the orbit and temporal fossae (Fig. 2A). Simi-
lar to other sparassodonts (except Thylacosmilus atrox
Riggs, 1933; e.g., Riggs, 1934; Gaillard et al., 2023), there
is no osseous postorbital bar in S. externus. The orbit
would have been caudally delimited by the orbital liga-
ment (Evans y de Lahunta, 2013) stretching between the
low and rounded postorbital and frontal processes of the
frontal and the jugal, respectively.

Orbit. Osseous orbital rim receives contributions from
the frontal, lacrimal, and jugal, while wall and floor of
the orbit are formed by the frontal, maxilla, and pala-
tine bones (Fig. 2). Orbital orientation is characterized
by three angles: convergence, verticality, and frontation
(Heesy, 2005). Convergence is the degree to which the
left and right orbits are oriented towards the front (Cart-
mill, 1970). Angle of orbital convergence is 60.7° for S.
externus and 50.3° for S. gracilis (calculated as the dihe-
dral angle between the sagittal plane and the orbital plane
formed by three landmarks: orbital superior, orbital infe-
rior, and orbital anterior; Heesy, 2004). Verticality meas-
ures orbital orientation in relation to the palate, whereas
frontation measures orbital orientation in relation to
the braincase (Heesy, 2005). Values are 44.6° and 26.3°,
respectively, for S. externus, similar to those for S. gracilis
(51.5° and 22.7°, respectively; Gaillard et al., 2023: follow-
ing Heesy, 2005). Angle between the temporal fossa and
the orbital plane (orbitotemporal angle in Heesy, 2005)
is 156° for both S. externus and S. gracilis (Gaillard et al.,
2023).

The lacrimal bone is narrow and does not extend onto
the face (Fig. 2A, B). There is a blunt lacrimal tuberosity
at the orbital rim and a single lacrimal foramen opening
inside each orbit. The foramen leads to the nasolacri-
mal canal that houses the nasolacrimal duct (tear duct)
for drainage of the lacrimal and Harderian glands (Rowe
et al,, 2005). As seen on the CT-scans, within the nasal
cavity the nasolacrimal canal is separated from the max-
illary recess (sensu Macrini, 2012) by the lacrimal bone
(Fig. 3; Additional file 1: Figure S3J]). Rostrally, the canal
continues inside the maxillary bone until it opens into
the nasal cavity just caudal to the infraorbital foramen.
A similar condition is observed in S. gracilis AMNH
VP-9254 (Fig. 3C-D). The postorbital processes of the
frontals in S. externus are weak (MACN-Pv CHI1911,
Fig. 2B; holotype MACN-A 52-383, Additional file 1: Fig-
ure S15A) and less marked than in Cladosictis Ameghino,
1887 (e.g., Echarri et al,, 2021; Marshall, 1981).

Temporal fossa. The temporal fossa constitutes a
large area on the dorsolateral aspect of the cranium, its
boundaries being defined by the temporal lines, the sag-
ittal, nuchal, and supraglenoid crests, and the zygomatic
arches. The fossa corresponds to the area housing the
temporalis muscle (Hiiemae & Jenkins, 1969; Turnbull,
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1970). In S. externus (MACN-Pv CHI1911, Fig. 2B;
MACN-A 52-383, Additional file 1: Figure S15A), the
temporal lines are short, subtle markings, arising from
the low postorbital processes. The temporal lines con-
join immediately behind the postorbital process to form
the sagittal crest. The sagittal crest is low (MACN-Pv
CH1911, MACN-A 52-383), similar to that of S. gracilis
(Fig. 2E), and of even height along its length as seen in
lateral view (Fig. 2A). The hathliacynid Cladosictis has a
higher sagittal crest (e.g., Echarri et al., 2021; Marshall,
1981; Sinclair, 1906). The nuchal crest is higher than
the sagittal crest and U-shaped in caudal view (Fig. 2C),
while the supraglenoid crest is low. Bones that contribute
to the temporal fossa are frontals, parietals, interparietal,
squamosals, and likely the jugals (as in other metathe-
rians) but in MACN-Pv CH1911 the jugals have mostly
been lost to breakage. The postorbital constriction in S.
externus is strong. The width of the cranium at the level
of the postorbital processes is narrower than the cranial
vault width measured at the level of the base of the zygo-
matic arches, as in S. gracilis (Fig. 2F; Additional file 1:
Table S2) but differing from most other sparassodonts,
which exhibit the opposite width relationship (Forasiepi,
2009).

In dorsal view, the suture between frontals and pari-
etals is nearly straight while the one between parietals
and interparietals is V-shaped. The interparietal is recog-
nized as an individual triangular bone separate from the
parietals that overlie it (Additional file 1: Figure S111-J).
This condition has been observed in S. gracilis and C.
patagonica (Echarri et al., 2021; Forasiepi, 2009), but in
other sparassodonts (e.g., Acyon, borhyaenids, thylacos-
milids, “proborhyaenids”; Babot et al,, 2002; Forasiepi
et al., 2006; Forasiepi et al., 2015) only one element rep-
resenting the fused parietals and interparietal is observed
in the caudal cranial roof, consistent with the hypothesis
that the interparietal is universally present in mammals
(Koyabu et al., 2012). The surface of the cranial roof has
subtle scars for the attachment of the temporal mus-
culature. There are also several irregularly distributed
small apertures frequently found at the base of the sagit-
tal and nuchal crests (see Insights on the cranial venous
drainage).

The large oval suprameatal foramen (subsquamosal
foramen sensu Archer, 1976) opens caudolaterally in the
squamosal bone, dorsal to the suprameatal crest as in
other sparassodonts (Forasiepi, 2009; except for Callis-
toe Babot et al., 2002, where the opening is located ven-
trally to the suprameatal crest, Babot et al., 2002). Lateral
to it, at the base of the zygomatic arch and on both sides
of the cranium, there is a small aperture that we identify
as the postzygomatic foramen. This foramen is sepa-
rated from the postglenoid foramen by the supraglenoid
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crest and communicates with the postglenoid canal via
a small canal that pierces the squamosal (see section:
Insight on the cranial venous drainage). In S. gracilis
AMNH VP-9254, the postzygomatic foramen is more
laterally placed than in S. externus MACN-Pv CH1911,
rostral to the level of the postglenoid foramen and dor-
sal to the postglenoid process, but sharing a close con-
nection with the postglenoid foramen (see Insight on the
cranial venous drainage and also Wible, 2022). We inter-
pret all associated structures as venous although an arte-
rial component (postglenoid artery) passing through the
postglenoid foramen cannot be excluded (e.g., present in
short-tailed opossum Monodelphis brevicaudata (Erxle-
ben, 1777); Wible, 2003, 2022).

Infratemporal fossa. The area below and medial to the
zygomatic arch corresponds to the infratemporal fossa.
In S. externus MACN-Pv CHI1911, the infratemporal
fossa receives contributions from the alisphenoid, frontal,
palatine, pterygoids, orbitosphenoid, basisphenoid, and
presphenoid. Partial sutures can be detected on the 3D
model (Fig. 2A).

In the infratemporal fossa is a large oval opening or
vacuity connecting the right and left infratemporal fos-
sae, the interorbital fenestra (=sphenoidal fissure; Fig. 2A;
Additional file 1: Figure S11B). This aperture is housed
within the sphenoid complex, likely bounded by the orbi-
tosphenoid rostrally and alisphenoid caudally (though
sutures are not clearly defined between these bones)
and floored by the presphenoid rostrally and basisphe-
noid caudally (suture between these two bones is trans-
versal). In S. gracilis AMNH VP-9254, the interorbital
fenestra is smaller in size, similar to the condition of Cla-
dosictis patagonica. In non-hathliacynid sparassodonts,
the fenestra seems small in Prothylacynus patagonicus
Ameghino, 1887, tiny in Borhyaena tuberata Ameghino,
1887, and nonexistent in Thylacosmilus atrox. A more
thorough investigation of this element using CT-scans is
needed to ascertain its condition in different members of
the group. The fenestra has been described for Pucadel-
phys Marshall and Muizon, 1988, Andinodelphys Marshall
and Muizon, 1988, and Allgokirus Marshall and Mui-
zon, 1988 among other fossil metatherians (Muizon &
Ladeveze, 2020; Muizon et al., 2018). Smaller in size, the
interorbital fenestra has also been detected in some living
marsupials (e.g., Monodelphis brevicaudata; Wible, 2003;
mentioned for Metachirus (Burmeister, 1854), Monodel-
phis, Thylamys Gray, 1843, Caluromys Allen, 1900, and
Marmosa Gray, 1821; Muizon et al., 2018).

Caudal to the interorbital fenestra and sharing the
same depression in the lateral side of the cranium is
the sphenorbital fissure for the optic (CNII), oculomo-
tor (CNIII), trochlear (CNIV), ophthalmic (CNV,), and
abducens (CNVI) nerves and associated vessels (Fig. 2A
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and Additional file 1: Figure S11C; see also Fig. 9B for the
cast of the nerves; e.g., Wible, 2003). This is a large aper-
ture facing rostrally and bounded by the sphenoid bone
complex. At the caudo-ventral angle of the infratempo-
ral fossa opens the foramen rotundum for the maxillary
branch of the trigeminal nerve (CNV,); it is round and
faces rostrally. In the rostral part of the fossa is also found
the small ethmoidal foramen, opening at the level of the
suture between orbitosphenoid and frontal (for further
description on ethmoidal canal see section Braincase
endocast).

On the floor of the infratemporal fossa and lateral to
the nasopharyngeal passage there is a laterally concave
crest that ends in a small process within the alisphenoid
bone, likely for the attachment of pterygoid musculature
(see the opossum in Turnbull, 1970). A similar struc-
ture is detectable in S. gracilis (AMNH VP-9254) but a
more conspicuous process has been described for other
borhyaenids (e.g., Arctodictis sinclairi Marshall, 1978;
Forasiepi, 2009).

Basicranium

The basicranial region receives contributions from the
preserved squamosal, alisphenoid, basisphenoid, basioc-
cipital, and exoccipital, in addition to the petrosal and
ectotympanic. Sutures and synchondroses are mostly
obliterated and thus hard to follow (Fig. 5). The basis-
phenoid-basioccipital synchondrosis is fused, roughly
M-shaped and is transversal to the axis of the cranium.
There is a subtle swelling at the level of the synchondro-
sis, likely for attachment of prevertebral neck muscles
(e.g., longus capitis and rectus capitis ventralis; see Evans
& de Lahunta, 2013; Fig. 5A). The ventral surface of the
basisphenoid and basioccipital is damaged and displays
various small breakages leading into intracranial spaces.
We did not recognize the natural opening for the noto-
chord canal detected in some marsupials (see MacPhee
et al,, 2023).

The glenoid cavity is oval and caudally limited by a
tall postglenoid process (partly broken on both sides of
the specimen; Fig. 5A). The glenoid cavity develops on
squamosal bone territory; however, the state of preser-
vation does not allow us to determine whether an ali-
sphenoid contribution is present in the mid-part of the
glenoid surface, as seen in some marsupials and other
fossil metatherians (=glenoid process of the alisphe-
noid; see Wible, 2003; Muizon, 1999; Muizon et al., 2018;
Muizon & Ladevéze, 2020), or whether it is absent, as in
other sparassodonts (e.g., Marshall, 1979; Babot et al.,
2002; Fig. 2; Forasiepi, 2009). Nor is it possible to confirm
whether the squamosal contributes to the anterior floor
of the middle ear cavity (=medial process of the squa-
mosal sensu Muizon et al., 1997).
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The postglenoid and posttympanic processes (both squa-
mosal in origin) surround the external acoustic meatus,
which in turn is medially delimited by the ectotympanic
(Fig. 5A). The external acoustic meatus defines a wide U,
rostrocaudally longer than wide. The posttympanic process
is broken ventrally (Fig. 5A). It frames the caudal wall of the
tympanic cavity, as usual in sparassodonts (e.g., Forasiepi
et al, 2019). However, because of its preservation, it is
not possible to evaluate whether this process also contrib-
utes to the caudal floor of the tympanic cavity in the form
of a squamosal tympanic process as in S. gracilis (AMNH
VP-9254; Fig. 5C) and other sparassodonts (Forasiepi
et al.,, 2019). The floor of the tympanic cavity in S. externus
MACN-Pv CH1911 receives contributions from the ecto-
tympanic and the alisphenoid tympanic process rostrally.
This latter process does not extend ventrally beyond the
level of the basicranial keel (formed by the basisphenoid/
basioccipital) and it does not completely enclose the tym-
panic cavity rostrally. This suggests that the floor of the
tympanic cavity was completed in life by membrane (for
the structure of the tympanic cavity see also Middle ear
spaces). The roof of the tympanic cavity is defined by the
epitympanic wings of the alisphenoid rostrally with a por-
tion of the petrosal (broken tuberculum tympani; Fig. 5A,
B; such as the condition observed in S. gracilis) and the
squamosal caudally (see also Forasiepi et al., 2019).

The extracranial aperture of the foramen ovale lies at
the rostral base of the alisphenoid tympanic process
(Fig. 5A, B). Its endocranial aperture is directed slightly
caudally. This canal is for the passage of the mandibu-
lar nerve (CNV;) and related vasculature (Additional
file 1: Figure S11F). The aperture is ventrally bounded
by a bridge built from the alisphenoid tympanic pro-
cess (=anteromedial bullar lamina, sensu Pavan & Voss,
2016), separating the primary from the secondary fora-
men ovale (see Gaudin et al., 1996; Voss & Jansa, 2003,
2009). Medial to the foramen ovale the carotid foramen
opens on the basisphenoid (see MacPhee & Forasiepi,
2022 for its ontogenetic development in marsupials). In
ventral view, a deep bilateral carotid groove excavated on
the lateral side of the basisphenoid leads into the carotid
foramen. As detected in CT-scans, the carotid canals
are short and medially directed. In endocranial view, the
opening of each carotid canal is lateral to the hypophy-
seal fossa, as usual. In S. externus, the hypophyseal fossa
is shallow (Fig. 5B) in contrast to the deeper fossa of S.
gracilis (Fig. 5D; see also MacPhee et al., 2023).

In ventral view and rostral to the extracranial aperture
of the right carotid canal, there is a small foramen which
we interpret as the caudal opening of the pterygoid canal,
for the nerve of the same name (Fig. 5A). A short por-
tion of the canal is preserved, heading rostrally, lateral to
the nasopharyngeal passage, and ventrally covered by a



20 Page 12 of 34

C. Gaillard et al.

Fig. 5 Digital reconstruction of the basicrania of A, B S. externus MACN-Pv CH1911 and C, D S. gracilis AMNHVP-9254 in right ventrolateral (A-C)
and endocranial (B-D) views. Arrows indicate the location of hidden structure. Single asterisk (A and C) shows the foramen for the pterygoid
canal. Double asterisks (B) indicate foramina connecting the rostral transverse basisphenoid sinus and the endocranial cavity floor. Triple asterisks
(A and B) indicate embossment for the likely attachment of the neck muscles. Scale bars represent 2 cm. AL alisphenoid, bjs basijugular sulcus,

BO basioccipital, BS basisphenoid, cc carotid canal, cchf caudal condylohypoglossal foramen, cmec caudal part of the middle ear space, cpf
craniopharyngeal foramen, eam external acoustic meatus, £C ectotympanic, encf endocranial carotid foramen, evpf foramen for the external
continuation of the ventral (=inferior) petrosal sinus, fmg foramen magnum, fo foramen ovale, fr foramen rotundum, gf glenoid fossa, gfis
glaserian fissure, hpf hypophyseal fossa, jf jugular foramen, mxns maxillary nerve sulcus, PE petrosal, pgf postglenoid foramen, prf piriform fenestra,
ptc pterygoid canal, ptp posttympanic process, rchf rostral condylohypoglossal foramen, tpal tympanic process of the alisphenoid, vpss sulcus

for the ventral petrosal sinus

lamina of bone that we interpret as pterygoid in origin. In
S. gracilis (AMNH VP-9254), the caudal opening of the
pterygoid canal is more caudally located than the one of
S. externus and can be followed until its rostral opening
in the pterygopalatine fossa (Fig. 5C; see also MacPhee
et al., 2023), but the canal itself has the same pattern to
the one described here for S. externus.

Rostral to the petrosal is a small gap, the piriform
fenestra, an unossified area of the basicranium that
gives passage to the greater petrosal nerve (Fig. 5A, B;
MacPhee, 1981). There is no separate opening for the
auditory tube. Borders of the piriform fenestra on the
right side of the cranium appear to be complete, but not
on the left side, apparently due to breakage.
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There is no transverse canal in S. externus, similar to
the condition observed in S. gracilis (Fig. 5; for discus-
sion and references concerning the transverse canal
in Sipalocyon see MacPhee et al., 2023). As revealed
by the CT scans, both rostral and caudal parts of the
transverse basisphenoid sinus (tbs) are poorly devel-
oped in S. externus, as in S. gracilis (MacPhee et al.,
2023). The tbs is represented by small interconnected
spaces mostly restricted to the basicranial keel (Addi-
tional file 1: Figure S11E). The craniopharyngeal canal
(Fig. 5B; Additional file 1: Figure S11E) opens endocra-
nially in the rostral part of the hypophyseal fossa and
connects to the rostral part of the tbs. When patent in
the adult this canal is interpreted as providing venous
drainage for the pituitary gland or other tissues in the
rostral tbs (MacPhee et al., 2023). A small emissary
foramen opens in the groove carved by the endocranial
continuation of the carotid canal (endocarotid groove)
and another small opening is seen at the right side of
the cranium in the groove of the endocranial continua-
tion of the maxillary nerve (Fig. 5B). These small foram-
ina all terminate in the tbs but the location of the first
foramen may suggest a likely (albeit very restricted)
connection between the tbs and the internal carotid
vein. Caudal to the level of the hypophyseal fossa are
deep bilateral and laterally divergent grooves, the sulci
for the ventral (=inferior) petrosal sinuses. Consider-
ing the large caliber of the grooves, we infer that the
ventral petrosal sinus was the principal means of drain-
age of the cavernous sinus. There is a short intramural
canal between the petrosal and basioccipital, while the
foramen for the extracranial continuation of the ventral
petrosal sinus lies between these two bones. The basi-
jugular sulcus (sensu Forasiepi et al.,, 2019; MacPhee
et al., 2023) for the external continuation of the ven-
tral petrosal sinus defines a wide and deep groove that
is concave laterally. It is excavated on the basioccipital
and heads towards the condylohypoglossal foramina
(sensu MacPhee et al., 2023).

There are two condylohypoglossal foramina (Fig. 5A,
B). The rostral aperture is small compared to the caudal
foramen whose diameter is as large as the width of the
basijugular sulcus. The intracranial opening of the caudal
condylohypoglossal foramen (=craniospinal foramen,
sensu MacPhee et al., 2023) is of the same size as the con-
dylohypoglossal foramen and opens at the inner border
of the foramen magnum. The jugular foramen is much
smaller than the craniospinal foramen (see Petrosal for
jugular foramen description). The large size of the cranio-
spinal foramen suggests that this was the principal route
for drainage of the cranial cavity via the systemic circula-
tion as in other sparassodonts and many other mammals
(see Wible, 2003; Forasiepi et al., 2019; MacPhee et al.,
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2023), in contrast to the derived condition (e.g., in pri-
mates) in which the internal jugular system is dominant.

Occiput

The cranium has suffered dorsoventral crushing in
this region, as is obvious in occipital view (Fig. 2C).
The occiput is formed by the occipital bones and squa-
mosal and there is no contribution from the petrosal
(no mastoid exposure of the pars canalicularis) in cau-
dal view. The foramen magnum appears oval, and the
occipital condyles are flat and splayed apart. The dorsal
rim of the foramen magnum contains a rounded notch
(Fig. 2C; =incisura occipitalis; Voss & Jansa, 2009) slightly
smaller in S. gracilis AMNH VP-9254 (Fig. 2F; see also
Sinclair, 1906). Such a notch has been observed in almost
all didelphids (Voss & Jansa, 2003, 2009) and some other
mammals (O’Leary et al., 2013), for example in dogs
(Kupczynska et al., 2017), resulting from the incomplete
ossification of the supraoccipital bone (e.g., Evans & de
Lahunta, 2013; Watson, 1981; Watson et al., 1989). The
foramen magnum of didelphids possessing this notch is
formed by the exoccipital and the supraoccipital (Voss &
Jansa, 2009). Further study of other crania of Sipalocyon
externus would be needed to assess the contribution of
the supraoccipital to the foramen magnum.

The occiput is pierced by several small asymmetric
foramina (e.g., one large on the left side of the nuchal
crest close to cranial midline, and another on the right
slightly more ventral in position; Fig. 2C, Additional
file 1: Figure S11L). Their associated canals end in the
endocranial cavity at the level of the caudal part of the
vermis, where their indicia are lost. We infer that they
connect to intracranial sinuses and that their major con-
tent is venous (= vv.emissaria), perhaps draining to the
vascular supply of the nuchal musculature. S. gracilis
AMNH VP-9254 also has small, irregularly distributed
openings in the occiput but they terminate inside the
diploe (Fig. 2F). We did not recognize a posttemporal
canal (opening for arteria/vena diploetica magna) in our
sample, nor for any other sparassodont taxon for which
identification of this aperture is uncertain in this clade
(e.g., Forasiepi et al., 2019). In didelphids the posttempo-
ral foramen or notch (when present) usually opens at the
ventrolateral margin of the occiput, between the suture
of the squamosal and mastoid exposure of the petrosal
(e.g., Wible, 2003).

Middle ear

Ectotympanic. The right ectotympanic of S. externus
is preserved in situ (Fig. 6A, B). Its typical U-shaped
morphology closely resembles ectotympanics found in
other hathliacynids (e.g., Cladosictis patagonica, Acyon
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Fig. 6 Digital reconstruction of the right ectotympanic of S. externus MACN-Pv CH1911 in A lateral and B medial views; C-D with reconstructed
tympanic membrane (blue), middle ear pneumaticity (green), and petrosal (grey) in ventral (C) and lateral (D) views. Upper and lower scale bars
represent 2 mm and 2 cm, respectively. cac caudal crus, chtym groove for chorda tympani nerve (facial nerve), cmec caudal part of the middle ear
space, cty crista tympani, EC ectotympanic, etc. ectotympanic tubercule, gma groove for rostral process of malleus, PE petrosal, rmec rostral part
of the middle ear space, roc rostral crus, stp styliform process, tyi tympanic incisure, tym tympanic membrane (interpreted)

myctoderos Forasiepi et al., 2006, and Notogale cf. mitis
(Ameghino, 1897); Muizon, 1999; Forasiepi et al., 2006;
Forasiepi et al., 2019). The rostral crus attaches to the
squamosal, medial to the postglenoid foramen, similar
to the condition observed in Notogale (Muizon, 1999),
extant marsupials (e.g., Monodelphis; Wible, 2003), and
therians generally. The styliform process is short and
robust and articulates with the tympanic process of the
alisphenoid. On the medial side of the styliform process,

a marked groove is found. In other sparassodonts, this
has been interpreted as a slot for the rostral process
of the malleus and the chorda tympani nerve (CNVIIL;
Forasiepi et al., 2019; see also Wible, 2008: Fig. 25). The
glaserian fissure is bordered mostly by the squamosal
and the styliform process of the ectotympanic. There is
only one tubercule on the ectotympanic, rostral to the
styliform process and directed ventrally, thus differ-
ing from Cladosictis with three small tubercles on the
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caudal crus (Forasiepi et al., 2019). The crista tympani
is well defined and runs along the entire medial side of
the ectotympanic. At 3.2 mm, the tympanic incisure is
as wide as that of Cladosictis (3 mm; Forasiepi et al.,
2019) but the maximum distance between the rostral
and caudal crus is 4.7 mm. The caudal crus does not
touch the squamosal, although this is probably due to
preservation. The caudal crus of the ectotympanic of
sparassodonts usually contacts the posttympanic pro-
cess of the squamosal, unlike marsupials (e.g., Mono-
delphis), in which the caudal crus contacts the rostral
tympanic process of petrosal (e.g., Wible, 2003).

Middle ear spaces. Pneumatization of the middle ear
is large (at least 180 mm?3; Fig. 6C, D). There is no evi-
dence of bony segmentation (=septa) or divisions within
the cavity. Rostral to the fenestra vestibuli of the petrosal,
the middle ear space is enclosed by the alisphenoid tym-
panic process and shaped into an elongated oval of 100
mm? Caudally, the middle ear cavity (referred to here as
the cavum tympani and associated paratympanic spaces)
is rectangular in shape (Fig. 6C). Because its floor is
incompletely ossified in hathliacynids (supposed to be
partially closed by membrane during lifetime) and is also
damaged, its complete ventral extent cannot be deter-
mined. For quantitative purposes, the floor of the cau-
dal part of the middle ear cavity in MACN-Pv CH1911
was reconstructed as the horizontal plane that contacts
the squamosal, exoccipital, and petrosal, thereby closing
the ventrocaudal section of the middle ear cavity. The
caudal part of the middle ear cavity adds at least 80 mm?
to the total volume of the middle ear cavity (Figs. 5A
and 6D). Such an expanded middle ear space is not fre-
quently described for sparassodonts, with the exception
of the species Thylacosmilus atrox, in which this auditory
region is fully ossified and extensive (depending on speci-
men size; Forasiepi et al., 2019).

Petrosal

The left petrosal of S. externus MACN-Pv CH1911 is
broken at the promontorium, but the right petrosal is
complete, albeit compressed dorsoventrally (Fig. 7A-B).
There is no substantial contribution of the petrosal to the
floor of the auditory cavity; the rostral tympanic process
of the petrosal is low, a condition also present in other
sparassodonts (Forasiepi, 2009; Forasiepi et al., 2019;
Muizon et al., 2018). In contrast, the contribution of the
petrosal to the roof of the auditory cavity in the form of
the broken tuberculum tympani is notable (Fig. 7A, C).
The lateral part of pars canalicularis is not exposed in
occipital aspect as in other sparassodonts (e.g., see also
Muizon et al., 2018; Forasiepi et al., 2019). The petrosal
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of S. externus contacts the squamosal laterally, the ali-
sphenoid rostrally, the basioccipital medially, and, as
inferred from by comparisons with other metatherians,
the exoccipital caudally (synchondroses between occipi-
tal elements are no longer evident, e.g., Wible, 2003).
The petrosal extends rostrally to the level of the basis-
phenoid-basioccipital synchondrosis. The ectotympanic
in our 3D reconstruction is separated from the petrosal
by a small distance (~ 1.5 mm). Although postmortem
displacement cannot be rejected, there seems to be no
bony contact between the ectotympanic and petrosal
in S. externus (ectotympanic not preserved in S. gracilis
AMNH VP-9254 or our comparative sample).

In tympanic view the promontorium of S. externus
is rounded (Fig. 7A). The fossula fenestrae cochleae
(=diverticulum leading to the fenestra cochleae) opens
caudal to the promontorium. It is round and large, simi-
lar in size to the fenestra vestibuli. The fenestra vestibuli
is 1.2 mm distant from the fossula fenestrae cochleae
and has a stapedial ratio of 1.47 (width=0.72 mm,
length=1.06 mm), slightly smaller than the measure-
ments taken on the footplate of the stapes of S. gracilis
(1.61-1.64; Gaillard et al., 2021). The tensor tympani
fossa is not clearly marked on the surface of the pet-
rosal of S. externus because of the poor preservation of
the local bone. In contrast, in S. gracilis there is a shallow
depression lateral to the promontorium, interpreted here
as the tensor tympani fossa (Fig. 7C; see also Forasiepi
et al,, 2019). The secondary facial foramen is round and
leads to the deep facial sulcus.

The conformation of the prootic canal in S. externus
is difficult to ascertain. There is a small foramen on the
surface of the groove for the prootic sinus, directed into
the adjacent bone, but the area is fractured, making it dif-
ficult to be sure that the ostensible aperture is associated
with an opening for the lateral head vein. In S. gracilis
AMNH VP-9254 and MACN-A 5952, the prootic canal is
easier to identify: there is an internal canal connecting a
foramen on the surface of the prootic sinus to an extrac-
ranial aperture close to the border of the secondary facial
foramen (Fig. 7C) (Forasiepi et al., 2019; Muizon et al.,
2018).

The stapedial fossa of S. externus is a deep depression
caudal to the fossula fenestrae cochleae. In S. gracilis, it
is slightly deeper, but differences in the preservation of
the petrosals are likely obscuring the real morphology
(Fig. 7A, C). The anteromedial flange of the petrosal of
S. externus is carved by the internal carotid artery sul-
cus that follows the rostral side of the petrosal medially
to the promontorium. This sulcus can be traced where
it continues rostrally into the carotid canal (located on
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Fig. 7 Digital reconstruction of the right petrosal of A-B S. externus MACN-Pv CH1911 and C-D S. gracilis MACN-A 5952 in tympanic (A, C)

and cerebellar (B, D) view. Arrows indicate the location of hidden structures. In A, asterisk shows the petrosal contribution to the primary jugular
foramen. Scale bars represent 2 mm. ach aqueductus cochlear, av aqueductus vestibule, crp crista parotica, cs carotid sulcus, ctpp caudal tympanic
process of the petrosal, er epitympanic recess, fai foramen acusticum inferior, fas foramen acusticum superior, fc fossula fenestrae cochleae
(=entrance to fenestra cochleae), fi fossa incudes, fsm fossa for stapedius muscle, fv fenestra vestibuli, hfca hiatus Fallopii, iam internal acoustic
meatus, ips inferior petrosal sinus, jn jugular notch, prc prootic canal, ps sulcus for prootic sinus, rtpp rostral tympanic process of the petrosal, saf
subarcuate fossa, sff secondary facial foramen, tt tegmen tympani, ttf tensor tympani fossa, tyhy tympanohyal

the basisphenoid). Dorsal to the trackway of the internal
carotid artery is the wide hiatus Fallopi.

A primary jugular foramen opens medially adjacent to
the floor of the tympanic cavity. It is enclosed rostrally by
a smooth portion of the petrosal and caudally by a thin
lamina of basioccipital or squamosal (sutures are not

visible between the two bones in that region; Fig. 7A;
Additional file 1: Figure S11I). The extracranial aper-
ture of the jugular foramen is enclosed by occipital bone
(likely basioccipital) and is angled to a position slightly
more caudally than the primary jugular foramen (Fig. 5A,
B). A similarly enclosed canal (=jugular fissure, sensu
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Forasiepi et al., 2019) was described for Thylacosmilus
atrox. In contrast, S. gracilis (AMNH VP-9254) lacks
a jugular fissure but there is a distinct jugular foramen
enclosed by the petrosal and basioccipital.

The tuberculum tympani is broken and only the stump
of its base is preserved in S. externus where it contributes
to the rostral border of the epitympanic recess caudally
and the roof of the middle ear cavity rostrally. In S. gra-
cilis MACN-A 5952, the epitympanic recess can be dis-
tinguished from the fossa incudis (Fig. 7C), but the two
depressions are continuous in S. externus, likely due to
the poor preservation of the petrosal. The caudal border
of the fossa incudis is delimited by the tympanohyal, a
small protuberance continuous with the crista parotica.
In S. gracilis, the tympanohyal is robust and prominent.
In both species, the crista parotica is short and low. The
caudal tympanic process of the petrosal forms a low pro-
cess caudal to the postpromontorial sinus.

In cerebellar view, the internal acoustic meatus of S.
externus is elongated, but this seems to be the result of
deformation (Fig. 7B). In S. gracilis (Fig. 7D) the meatus is
oval. The foramen acousticum superius and inferius can
be distinguished inside the meatus, separated by a super-
ficial septum. Ventral to the internal acoustic meatus is
the foramen for the aqueductus cochleae, which is well
defined compared to the aqueductus vestibuli, the latter
being located caudal to the former. As in other hathlia-
cynids, the subarcuate fossa is deep (Forasiepi, 2009;
Muizon et al., 2018; see Braincase endocast, Cerebellum).
In cerebellar view, there is another sulcus representing
the petrosal contribution to the walls of the canal of the
ventral petrosal sinus (medially enclosed by the basioc-
cipital). The foramen for the ventral petrosal sinus is large
(larger than the jugular foramen).

Inner ear

The bony labyrinth of mammals consists of a set of inter-
connected spaces within the petrosal bone, which in life
contain the perilymph. In the latter a series of soft-tissue
sacs and ducts are suspended, comprising the membra-
nous labyrinth. The inferior part of the membranous lab-
yrinth includes the cochlear duct, which houses the spiral
organ of hearing, and the saccule of the vestibule, which
houses receptors sensitive to linear motion (e.g., Ekdale,
2015). The superior part of the membranous labyrinth is
involved in detecting rotational movement of the head,
and includes the utricle of the vestibule, the semicircular
ducts and ampullae, and the common crus between the
anterior and posterior ducts. The membranous labyrinth
generally closely conforms to its osseous container, the
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bony semicircular and cochlear canals (e.g., Blanks et al.,
1975; David et al., 2010; Spoor, 2003).

The right bony labyrinth of S. externus (MACN-Pv
CH1911; Fig. 8A—C) was modeled in 3D and compared
with the labyrinth of S. gracilis (Fig. 8D-F). The gen-
eral aspect of the bony labyrinth of S. externus is quite
similar to those reconstructed for S. gracilis (MACN-A
5952; AMNH VP-9254; Forasiepi et al., 2019), Allgokirus
(Muizon et al., 2018), Andinodelphys, and Pucadelphys
(Muizon & Ladevéze, 2020). The cochlea of S. externus
completes at least two turns; however, the complete turns
are difficult to approximate because the 3D model is
incomplete. S. gracilis exhibits 2.2 cochlear turns. This is
congruent with the number of cochlear turns measured
in other sparassodonts (except for Borhyaena, 1.8 turns)
and living didelphids (Ekdale, 2013; Forasiepi et al., 2019;
Muizon et al., 2018; Sanchez-Villagra & Schmelzle, 2007).

The anterior semicircular canal (ASC) is the longest of
the three canals and exhibits the largest area (expressed
as the radius of curvature) (Additional file 1: Table S5),
followed by the posterior semicircular canal (PSC) and
the lateral semicircular canal (LSC). The same size rela-
tion is found in S. gracilis (AMNH VP-9254, MACN-A
5952), Prothylacynus, Borhyaena, Thylacosmilus, and
Allgokirus (Forasiepi et al., 2019; Muizon et al., 2018).
The planes of the three canals are not perpendicular:
the angle between the ASC and PSC approaches 103°;
between ASC and LSC 73°; and only the PSC and LSC are
almost perpendicular (86°). This could be the result of a
slight deformation of the fossil basicranium; in S. graci-
lis (AMNH VP-9254, MACN-A 9254) all the planes are
almost perpendicular to each other, as in other sparas-
sodonts (Muizon et al., 2018; Forasiepi et al., 2019; Addi-
tional file 1: Table S5).

The semicircular canals communicate with the utri-
cle of the vestibule through a crus commune or separate
ampullae. The anterior and posterior semicircular canals
are joined to form the crus commune. The lateral and
posterior semicircular canals are very close, in contact in
S. externus but do not form a secondary crus commune.
The presence of a secondary crus commune is hypoth-
esized to be a plesiomorphic character of Mammalia-
formes, independently lost in many clades (Ekdale, 2013;
Ruf et al., 2009).

The spherical and elliptical recesses of the vestibule are
distinguished by a constriction of the vestibule lateral to
the fenestra vestibuli: the swelling of the spherical recess
(for the saccule) is visible in rostral view of the labyrinth
and the elliptical recess (for the utricle and semicircular
ducts) is bowed slightly medially to it.
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Fig. 8 Digital reconstruction of the right bony labyrinth of A-C S. externus MACN-Pv CH1911 and D-F S. gracilis MACN-A 5952 in tympanic (A, D)
dorsal (B, E), and lateral (C, F) views. In B, asterisk shows contact of the posterior and lateral semicircular canals. Scale bars represent 2 mm. aam
anterior ampulla, ach aqueductus cochlear, asc anterior semicircular canal, av aqueductus vestibuli, cco crus commune, CNVIIf vestibulocochlear
nerve (a ampullar branch; s, saccular branch; u utricular branch), co cochlea, erv elliptical recess of vestibule, fc fossula fenestrae cochleae (entrance
to fenestra cochleae), fv fenestra vestibuli, lam lateral ampulla, /sc lateral semicircular canal, pam posterior ampulla, pbl primary bony lamina, psc
posterior semicircular canal, sb/ secondary bony lamina, srv spherical recess of vestibule, ves vestibule

Braincase endocast

The braincase endocast of S. externus MACN-Pv CH1911
was reconstructed from the pCT scan (Fig. 9A-C; Addi-
tional file 1: Figure S12A—C) and compared with ones
for S. gracilis AMNH VP-9254 (Fig. 9D-F; Additional
file 1: Figure S12D-F) and Sipalocyon sp. MPM-PV 4316
(Additional file 1: Figure S12G-1I).

The braincase endocasts of S. externus and S. gracilis
are longer than wide (endocast aspect ratio of 0.47-0.48;
Fig. 9). Although this relationship is found in the majority
of metatherians (Macrini, 2007b), Sipalocyon is an outlier
in having an endocast twice as long as wide (<0.5). The
endocast flexures of S. externus and S. gracilis are congru-
ent with those of extant marsupials (Macrini, 2006), but
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Fig. 9 Digital reconstruction of the braincase endocast of A-C S. externus MACN-Pv CH1911 and D-F S. gracilis AMNH VP-9254 in dorsal (A, D),
ventral (B, E), and lateral right (C, F) views. Identifications refer to the anatomical structures represented on the casts, but they are not the structures
themselves. For example, cast features named as cranial nerves transmit not only nerves, but also other features such as vascular elements
associated with the nerves. Referring to nerves as main elements highlights their paleoneurological importance and avoids redundancy. Scale
bars represent 1 cm. ceh cerebral hemispheres, cf circular fissure, clh cerebellar hemispheres, CNI olfactory (cranial) nerve, CNIl optic (cranial) nerve,
CNIll oculomotor (cranial) nerve, CNIV trochlear (cranial) nerve, CNV; ophthalmic branch of trigeminal (cranial) nerve, CNV,e ethmoidal nerve, CNV,
maxillary branch of trigeminal (cranial) nerve, CNV; mandibular branch of trigeminal (cranial) nerve, CNVI abducens (cranial) nerve, CNVI/ facial
(cranial) nerve, CNVIII vestibulocochlear (cranial) nerve, CNIX glossopharyngeal (cranial) nerve, CNX vagus (cranial) nerve, CNXI accessory (cranial)
nerve, CNXIl hypoglossal (cranial) nerve, fmg foramen magnum, fp fissura prima, hpf hypophyseal fossa, ica internal carotid artery, icl inferior/
superior colliculus, ips inferior petrosal sinus, mb midbrain, oa ophthalmic artery, ob olfactory bulbs, obe sulcus for CNV,e on the olfactory bulbs, pf
paraflocculus, ps, prootic sinus, rf rhinal fissure, so sulcus orbitalus, sss superior sagittal sinus, tss transverse sinus, vm vermis



20 Page 20 of 34

their values are higher than those of the extinct metathe-
rians Pucadelphys andinus Marshall & Muizon, 1988
(Macrini et al., 2007a) and Andinodelphys cochabamben-
sis Marshall & Muizon, 1988 (Muizon & Ladeveze, 2020).

Forebrain. Rostrally, the braincase endocast ends in
the form of multiple fiber bundles of the olfactory cra-
nial nerve (CNI), passing through the cribriform plate
(Figs. 4D and 9). Separately, the ethmoidal branch of the
ophthalmic nerve (CNV;) passes through the cribro-
ethmoidal foramen to enter the nasal cavity (Toeplitz,
1920; Wible, 2008). The division between left and right
olfactory bulbs is not well defined in S. externus, but is
better marked in S. gracilis and Sipalocyon sp. Individual
olfactory bulbs are longer than wide in S. externus and
together represent 5.8% of the total endocranial volume.
This value is similar to that of S. gracilis and Sipalocyon
sp., but smaller than that of Borhyaena tuberata (7.4%;
calculated from Weisbecker et al., 2021), Herpetotherium
cf. fugax (10.0%; Horovitz et al., 2008), Pucadelphys andi-
nus (11.7%; Macrini et al,, 2007a), and Andinodelphys.
cochabambensis (12.0%; Muizon & Ladeveéze, 2020). The
circular fissure is deep, similar to the condition in S. gra-
cilis, Sipalocyon sp. and all other metatherians (Forasiepi
et al., 2006; Macrini, 2007a; Horovitz et al., 2008; Muizon
& Ladeveze, 2020; Macrini et al., 2022).

On the ventral surface of the olfactory bulbs pro-
trude the short ethmoidal canals (Fig. 9C). The left and
right ethmoidal canals are much closer to each other in
Sipalocyon than in other marsupials (e.g., Didelphis vir-
giniana Allen, 1990, Dasyurus hallucatus), but condi-
tions in other metatherians are not known. In S. externus
and S. gracilis, the canals are oriented ventrorostrally,
as in Didelphis virginiana (Wible, 2003). The ethmoidal
canal carries a branch of the ophthalmic nerve (CNV,),
as well as a branch of the ophthalmic artery (Archer,
1976, Wible, 2003). A swelling on the olfactory bulbs
of S. externus (Fig. 9C) is interpreted as the sulcus for
endocranial passage of the ethmoidal nerve and associ-
ated vasculature, running from the cribroethmoidal fora-
men to the ethmoidal foramen (Fig. 9B—C). In the dog,
the ethmoidal nerve provides sensory innervation for
the nasal vestibule, conchae, nasal septum (Evans & de
Lahunta, 2013).

The external surface of the cerebrum cast is lissen-
cephalic, as in S. gracilis (Fig. 9A, D) and most other
metatherians (e.g., Forasiepi et al., 2006; Macrini et al.,
2007a, 2007b; Sanchez-Villagra et al., 2007; Horovitz
et al., 2008; Muizon & Ladeveéze, 2020), although it differs
from the endocranial cast of the borhyaenoids Borhyaena
tuberata and Thylacosmilus atrox (Dozo, 1994; Quiroga
& Dozo, 1988). The cast of the cerebrum of S. externus
represents 62.6% of the total volume of the braincase
endocast, similar to the percentage in S. gracilis (64.5%)
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and Borhyaena tuberata (60.6%; calculated from Weis-
becker et al., 2021), but less than the average for extant
marsupials (70-71%; Weisbecker et al., 2021). The com-
puted percentage of cerebrum filling the braincase endo-
cast of Sipalocyon sp. is higher than that of any other
metatherians (79.9%), but this figure should be treated
with caution because breakage of the basicranium affects
estimation of the volume of the cerebellar hemispheres.
In dorsal view, the shape of the cerebrum is triangular
with maximum width at the level of the transverse sinus
confluence, whereas in S. gracilis it is oval with maximum
width at the mid-length of the cerebral hemispheres. The
cerebrum of Sipalocyon is wider than the cerebellum plus
paraflocculi. The sulcus orbitalis is shallow in S. exter-
nus but well defined in S. gracilis, a condition similar to
Didelphis virginiana (Macrini et al., 2007b). The rhinal
fissure is marked on the lateral side of the cerebrum in
Sipalocyon. Although fossil metatherians usually have no
visible rhinal fissure or display only a fraction of it on the
caudal cerebral hemispheres (Macrini et al., 2007a; Horo-
vitz et al., 2008; Muizon & Ladevéze, 2020; Macrini et al.,
2022), early mammals frequently have a well-defined
separation of the neocortex and piriform cortex (e.g.,
Jerison, 1991; Kaas, 2017). A well-developed rhinal fis-
sure was also observed in Borhyaena tuberata and Thy-
lacosmilus atrox (Dozo, 1994; Quiroga & Dozo, 1988),
suggesting a plesiomorphic condition for sparassodonts.
Surface area of the neocortex of S. externus (delimited by
the rhinal fissure) represents 46% of the total surface of
the cerebrum, which is slightly smaller than the percent-
age of S. gracilis (50%).

Midbrain. On braincase endocasts, venous sinuses
usually completely mask the midbrain in marsupials and
stem metatherians (Macrini et al., 2007a, 2007b; Horo-
vitz et al., 2008; Muizon & Ladevéze, 2020; Macrini et al.,
2022), although Thylatheridium cristatum and Thylopho-
rops cf. chapalmalensis are exceptions to some degree
(Dozo, 1989). In S. externus, the sulcus of the transverse
sinus can be followed from the caudal end of the neocor-
tex, passing anterolateral to the cerebellar hemispheres
until the former connects with the prootic sinus (Figs. 9,
13). The transverse sinuses are narrow until joined by
the accessory transverse diploic sinus (see Insight on the
cranial venous drainage), where they leave a depression
between the cerebrum and cerebellum, exposing part of
the midbrain (Fig. 9A). In S. gracilis, the transverse sinus
follows the same path as in S. externus, also allowing mid-
brain exposure. The two protuberances on the depression
of the midbrain are interpreted as the inferior or superior
colliculi (e.g., Aitkin, 1998: Fig. 6.1 and 8.6).

Cerebellum. The cerebellum represents 18.3% of the
total endocranial volume in S. externus, equivalent to that
of S. gracilis (18.4%) but slightly larger than in Borhyaena
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tuberata or the average for extant marsupials (16.2% and
14.4%, respectively, calculated from Weisbecker et al,
2021). The vermis extends laterally but poor preservation
of the inner surfaces of the parietals might misrepresent
its shape. In S. gracilis, the vermis is strongly delimited
and well-rounded with a deep transversal sulcus, a fea-
ture interpreted in Thylacosmilus atrox as the fissura
prima, separating the anterior from the posterior lobes
of the cerebellum (Quiroga & Dozo, 1988). Although the
vermis of Sipalocyon is similar in shape to that of Thyl-
atheridium cristatum and Thylophorops cf. chapalmalen-
sis (Dozo, 1989), it is different from the condition in
Borhyaena tuberata and Thylacosmilus atrox, where it is
much higher and narrower (Quiroga & Dozo, 1988). The
paraflocculi of S. externus are ovoid, similar in shape to
those of S. gracilis. They are not as prominent as those
in some other metatherians (e.g., Monodelphis; Macrini
et al., 2007b). On the contrary, they are almost hidden
by the cerebellar hemispheres in dorsal view. The total
volume of the paraflocculi corresponds to 0.23% of the
endocranial volume, equal to the percentage computed
in S. gracilis, but much less than in extant marsupials
(Macrini et al., 2007b) and the fossil Pucadelphys andinus
(Macrini et al., 2007a).

Ventrally, the hypophyseal fossa, internal carotid artery,
foramen rotundum, and sphenorbital fissure are com-
pressed medially, probably due to deformation of the cra-
nium. The hypophyseal fossa is well defined, longer than
wide and very shallow (Fig. 9B). Its size is smaller than in
other metatherians (Macrini et al., 2007a, 2007b; Muizon
& Ladeveze, 2020) and its volume represents a negligible
percentage of the total volume of the braincase endocast.
In S. gracilis, the hypophyseal fossa is deeper, showing
better delimitation (Fig. 9E). Lateral to the caudal bor-
der of the hypophyseal fossa is the canal for the internal
carotid artery. The rostral continuation of the carotid
artery (ophthalmic artery) can be followed as a sulcus
up to the sphenorbital fissure, where the vessel exits the
encephalic cavity together with CNII-IV, V,, VI (Fig. 9,
see also Fig. 5). Caudal to the internal carotid artery
emerges the large ventral petrosal sinus that opens into
the equally large basijugular sulcus, as already described
(see also Forasiepi et al., 2019; MacPhee et al., 2023).

Brainstem. On the brainstem (sensu Weisbecker
et al,, 2021) there are two sets of canals for CNXII, here
referred to as condylohypoglossal canals and foramina,
following MacPhee et al. (2023). In addition to nerves,
these apertures usually also contain vascular channels in
therians. The caudal condylohypoglossal canal is large in
S. externus, presumably because it also transmitted the
large extracranial continuation of the ventral petrosal
sinus (MacPhee et al., 2023). The brain stem in this spe-
cies represents 13.6% of the encephalic volume, less than

Page210f34 20

in Borhyaena tuberata (15.7%; calculated from Weis-
becker et al., 2021) but more than S. gracilis (10.3%) and
the mean percentage of extant marsupials (8%; calculated
from Weisbecker et al.,, 2021). As it is frequently the case
in marsupials, the pons does not leave any indicia on the
endocranial cavity of S. externus.

Dentition

The upper dentition of MACN-Pv CH1911 is partially
preserved (Fig. 10A). The rostral-most portion of the
snout is missing, as are the incisors and canines. Only the
caudal alveolar rim of the canines is preserved. The right
P1-P3 series is complete, although the tips of the main
cusps are broken; the left premolars are missing except
for the roots of P1-P2. Both M1-M4 series are preserved
but the right series is in better condition (Fig. 10A). All
postcanines are completely erupted. The M4 has no
wear and its crown is slightly below the crown level as
defined by the other molars, suggesting that MACN-Pv
CH1911 was a young adult.

The P1 is slightly oblique, rostrally deflected toward the
midline. The P2—-M4 series diverges distally (~30° from
the palatine midline) so that the lingual distance between
the left and right M4 is almost twice the distance between
the left and right P2. There is a one-millimeter gap
between P1-P2 and less than half-millimeter between P2
and P3. Otherwise, the teeth are mesiodistally in contact
from P3 to M3.

The upper premolars are double-rooted and abruptly
increase in size from P1 to P3. The crowns of the three
premolars are symmetrical labiolingually but asym-
metrical mesiodistally, because the main cusp of P1-P2
is shifted mesially and a distal cingulum is present. The
P1 is the smallest element of the series. The main cusp
is partially preserved on the right P1; its base suggests
that it was asymmetrical, with its mesial face steeper than
the more oblique distal face. There is no distal cuspule in
P1. The P2 is also incomplete. Judging from the incom-
pletely preserved base, the main cusp was symmetrical,
with similarly inclined mesial and distal faces. There is a
small and blunt distal cuspule in P2. The P3 is the tallest
tooth of the postcanine tooth row. The main cusp is also
symmetrical, as in P2, with a sharp crest on the distal face
that connects to a distal cuspule. This latter is slightly
more prominent on this tooth than on P2, and has two
blunt cristae extending labially and lingually.

The molars increase in size from M1 to M3 with the
latter being the largest molar. The M4 is conspicuously
shorter than the other molars and slightly narrower than
M3 (Additional file 1: Table S6). In M1-M3, the para-
cone and metacone are very close to each other, with
fused bases. The metacone is taller than the paracone,
increasing in size towards the M3, and accompanied by
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Fig. 10 Dentition of A S. externus MACN-Pv CH1911, right upper postcanine dentition in occlusal view accompanied by line drawing, and B-D
specimen MACN-Pv CH40 referred to B. macrodonta, corresponding to a fragmentary rostral portion of the face in lateral left view with upper canine
and the tip of the lower canine (B), and a fragmentary right m3-m4 in lingual view (C) and occlusal view accompanied by line drawing (D). Scale
bars represent 5 mm. ac anterior cingulum, ecg ectocingulum, efx ectoflexus, hyld hypoconulid, mc metacone, mcc postmetacrista, mcd metaconid,
pac paracone, pacc preparacrista, pacd paraconid, past parastyle, pr protocone, prd protoconid
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a long postmetacrista that also increases in length from
M1 to M3. The preparacrista is obscured by wear in
M1-M2; it is short in M3 and connected to the ectocin-
gulum (see below), while it is longer in M4. The proto-
cone is low compared to the other two cusps but lingually
expanded, particularly in M3, and it is well developed
in hathliacynids (e.g., more developed than in species
of Cladosictis; Marshall, 1981). In M1-M2, the trigon
basin is vestigial and partially obscured by wear. In M3
and M4, the basin is deep, broad, and delimited by two
mesial and distal crests that descend from the lingual face
of the paracone and metacone (M3), or paracone only
(M4). Paraconule and metaconule are not observed. The
stylar shelf increases in size from M1 to M3. The labial
border is straight in M1-M2, whereas the M3 has a deep
ectoflexus defining one mesial and one distal lobe. The
parastylar corner is mesially protruding in M1, while it is
rounded in M2—-M4. The parastyle is small in M3 as part
of an ectocingulum (sensu Marshall, 1977), labial to the
paracone. The anterior cingulum is short in M1-M3 and
does not extend lingually from the base of the paracone.

The M4 is the smallest molar. This tooth has a tall para-
cone and a small protocone but lacks a metacone. There
is a tiny bulge and a distal crest that descend from the
distolingual border of the paracone, contributing to the
border of the protocone basin, which could represent
vestiges of the metacone. The trigon basin is deeper in
M4 compared to the other molars, but this could be the
result of lack of wear. The parastyle region is much better
developed in M4 compared to other molars. In the left
M4, the preparacrista is long and connected to the par-
astyle and paracone. However, in the right M4, there is
a notch in the preparacrista, disconnecting these struc-
tures. The M4 lacks anterior cingulum (Fig. 11).

Borhyaenidae Ameghino, 1894

Borhyaena Ameghino, 1887

Type species. Borhyaena tuberata Ameghino, 1887

Borhyaena macrodonta Ameghino, 1887

(Fig. 10B-D)

Holotype. MACN 52-390, incomplete cranium with asso-
ciated right dentary and dentition (Additional file 1: Figure
S16), from Gran Barranca, Chubut Province, Patagonia,
Argentina; Colhue Huapi Member, Sarmiento Formation,
Early Miocene, Aquitanian, Colhuehuapian Age.

Referred specimen. MACN-Pv CH40, fragmentary
rostral portion of face, as well as associated symphy-
seal region of jaw, fragmentary canines, and associated
m3-m4.

Occurrence. Sacanana, Chubut Province, Patagonia,
Argentina; Sarmiento Formation, Early Miocene, Aquita-
nian, Colhuehuapian Age.
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Description. The specimen MACN-Pv CH40 is not
well preserved. The fragmentary face consists of a sym-
physeal fragment of the lower jaw with partial left lower
canine, fragment of right facial part of maxilla, and
incomplete left upper canine. The same concretion also
contained two adjacent right lower molars (m3-m4)
from the same individual.

The dentaries are unfused at symphysis. In lateral view,
the anterior border of dentaries is gently curved, dif-
fering from the straighter border of other Colhuehua-
pian borhyaenids such as Ar. sinclairi (Forasiepi, 2009;
Marshall, 1978) and other species (e.g., Australohyaena
antiquua (Ameghino, 1894); Forasiepi et al., 2015). There
is one mental foramen, preserved at the level of premo-
lars, smaller than the rostralmost mental foramen of Ar.
sinclairi MLP 85-VII-3-1.

The upper and lower canines are large but not as robust
as those of Ar. sinclairi (Forasiepi, 2009; Marshall, 1978).
There are shallow grooves at least on the accessible labial
surface of the teeth, as seen in other borhyaenoids. The
left lower canine preserves its apical portion, which in
addition to the reduced extralveolar exposure of the root,
suggests that the specimen was a young adult (see dis-
cussion in Babot et al,, 2022). The m3-m4 are partially
broken; minimum measurements (as the teeth are incom-
plete): length of m3, 13.5 mm; length of m4, 16.5 mm;
and width of m4, 8.5 mm. Both molars have the proto-
conid as the dominant cusp followed by the paraconid.
The metaconid is a very small cusp in m3 and vestigial
in m4 (Fig. 10C-D). The m3 preserves some features of
the talonid. The hypoconulid is caudal to the metaconid.
The talonid extends as a cingular border on the medial
side of the crown. On the labial side there is a postcin-
gulid descending from the hypoconulid. The postcingulid
is incomplete in m3 and highly reduced in m4. In the lat-
ter, other structure of the talonid are absent.

Discussion

Systematics

MACN-Pv CH1911. Sipalocyon was a small-sized,
slender hathliacynid. Following Marshall (1981), diag-
nostic features of the genus detected in MACN-Pv
CHI1911 are: large infraorbital canal, opening over
anterior root of P3; supraorbital process weakly devel-
oped; dentition with small diastema, separating P1
from the upper canine and from P2; upper molars with
large protocone and deeply basined trigon (sic., trigo-
nid in Marshall, 1981); paracone and metacone fused at
their base; metacone becoming larger from M1 to M3
with opposite tendency for paracone; weak but distinct
parastyle in M1-M3; M4 with large paracone and pro-
tocone, lacking metacone, and paracone and parastyle
connected by ridge. We observed the latter feature on
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the left M4 of MACN-Pv CH1911, but on the right
M4 there is a notch that disconnects the paracone and
parastyle. Variability may affect the distribution of this
feature. Marshall (1981) also considered diagnostic for
Sipalocyon the presence of premolars aligned in the
mediodistal axis. In MACN-Pv CH1911, however, P1 is
oblique with respect of the midline of the palate. This
feature, when evaluated in a broad sample of S. gracilis,
also suggests variability. Most frequently, P1 is parallel
to the major axis of the cranium (e.g., AMNH VP-9254,
MACN-A 691-703, MACN-A 5952-5953, MPM-PV
4316, YPM-VPPU 15029, YPM-VPPU 15154, YPM-
VPPU 15373), but few specimens have an oblique P1
(e.g., FMNH P13777, MACN-A 5957). In the holotype
of S. externus, MACN-A 52-383 (Additional file 1: Fig-
ure S15), P1 is almost parallel to the major axis of the
cranium, differing from MACN-Pv CH1911. Similarly,
Marshall (1981) considered as a diagnostic feature of
Sipalocyon the presence of a shallow ectoflexus in M3.
However, in MACN-Pv CH1911, as well as the holo-
type of S. externus MACN-A 52-383, the ectoflexus of
M3 is deep, defining mesial and distal lobes. A broad
sample of S. gracilis also shows variability with some
specimens possessing shallower ectoflexus (AMNH
VP-9254, MACN-A 5957, MPM-PV 4316, YPM-VPPU
15373) than others (e.g.,, MACN-A 691-703, MACN-A
5952-5953, YPM-VPPU 15154). In short, we conclude
that some features in Marshall’s (1981) diagnosis of
Sipalocyon display variability when examined across a
broad sample of specimens previously assigned to this
taxon. In our analyzed sample, the holotype of S. exter-
nus MACN-A 52-383 and MACN-Pv CHI1911 have
deeper ectoflexuses than the specimens of S. gracilis.
Finally, according to Marshall (1981), presence of dis-
tinct paraconules and metaconules is also a diagnostic
feature of Sipalocyon. In the holotype of S. externus,
MACN-A 52-383, the conules in M2 and paraconule in
M3 are vestigial compared to the specimens of S. graci-
lis. In the M3 at the position of the metaconule, there is
a crest rather than a cusp, similar to what is observed
in the position of the paraconule and metaconule on
the M4. In S. gracilis (e.g., MACN-A 691-703, MACN-
A 5952-5953) para- and metaconules are visible on
all upper molars. However, in MACN-Pv CH1911 the
M1-M3 are greatly worn compared to the holotype of
S. externus and conules are not observable. If they bore
vestigial conules, the evidence is now lost. The M4 in
turn lacks conules, similar to the holotype of S. exter-
nus, MACN-A 52-383.

In summary, we assign MACN-Pv CH1911 to the
genus Sipalocyon because most of the features indi-
cated in the diagnosis of the genus (Marshall, 1981) are
present in this specimen. Although some features differ
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(e.g., inclination of the P1 in relation to the cranial axis),
we interpret these differences as examples of variability
within the genus, as they are also seen in the holotype of
S. externus.

Among the species of Sipalocyon, tooth size of MACN-
Pv CH1911 agrees with that of the holotype of S. exter-
nus MACN-A 52-383 (Marshall, 1981: Table 7). Marshall
(1981) used size as a diagnostic feature to distinguish
S. externus from other species of the genus, but some
overlap in tooth measurements occurs with the smallest
specimens of S. gracilis (e.g., Marshall, 1981: Table 10).
In other dental features, S. externus is closely similar to
S. gracilis (see also Goin et al,, 2007), along with subtle
differences expressed by the protocone of M1 (e.g., cusp
smaller in size, with a more restricted trigon basin, and
a more deeply excavated ectoflexus; Marshall, 1981),
features present in both the holotype of S. externus
MACN-A 52-383 and MACN-Pv CH1911. In addition,
paraconule and metaconule are vestigial in the antemo-
lar dentition and absent in M4, as seen in the holotype
of S. externus, the latter feature being also observed in
MACN-Pv CHI1911. Tooth size in combination with
the features discussed herein are the basis for our taxo-
nomic interpretation of MACN-Pv CH1911 as S. exter-
nus. Finally, it is worth mentioning that the M4 bears a
large and basined protocone, as indicated in the original
diagnosis of the genus (Marshall, 1981). The protocone
on the M4 of MACN-Pv CH1911 is slightly larger than in
the holotype but similar to the compared specimens of S.
gracilis (e.g., MACN-A 691-703, MACN-A 5957-5958,
MACN-A 5952-5953). In contrast, Goin et al. (2007)
assigned to S. externus an isolated M4 (MPEF-PV 5832)
that lacks a protocone, which could indicate large vari-
ability in this feature if the assignment is correct.

From the study of the CT scans of the cranial anatomy
of Sipalocyon, we add the following features to differen-
tiate S. externus from S. gracilis: 1. S. externus exhibits
a primary jugular foramen closed by the petrosal and a
lamina of the basioccipital, or possibly squamosal, that
leads to the jugular fissure (sensu Forasiepi et al.,, 2019;
Fig. 5A), whereas S. gracilis has an enclosed jugular fora-
men formed by the petrosal and basioccipital (Fig. 5C).
2. In S. externus the general morphology of the cerebral
hemispheres is triangular and resembles that of Didel-
phis (Fig. 9A; Macrini et al., 2007b), whereas the cerebral
hemispheres of S. gracilis are ovoid, resembling Mono-
delphis in this regard (Fig. 9D; Macrini et al., 2007b). 3.
The accessory transverse diploic canals in S. externus
are straight while those of S. gracilis are orientated ros-
trally, paralleling the dural transverse sinus and more
rostrally the superior sagittal sinus up to the rostral part
of the frontal diploe (see Insights on the cranial venous
drainage). 4. S. externus presents pneumatization of
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the squamosal in the caudal ear region, resulting in an
enlarged middle ear cavity caudal to the fenestra ves-
tibuli (Figs. 5A, 9C). The middle ear cavity of S. gracilis
is limited to the volume floored by the tympanic pro-
cess of the alisphenoid rostral to the fenestra vestibuli
(Fig. 5C). These features should be tested in the context
of a broader sample before adding to the diagnosis of
the genus in order to avoid incorporating intraspecific
variability.

MACN-Pv CH40. Specimen MACN-Pv CH40 is here
referred to Borhyaenidae on the basis of the very reduced
and vestigial talonid of the lower molars (as seen in spe-
cies of Acrocyon, Australohyaena, Arctodictis, Borhy-
aena—see for examples Marshall, 1978; Goin et al,
2007; Forasiepi, 2009; Forasiepi et al., 2015). The size and
robustness of the fragment of the dentary and teeth sug-
gest that the close similarities are with Borhyaena mac-
rodonta and Acrocyon riggsi (Goin et al., 2007; Marshall,
1978), known from the Early Miocene Colhuehuapian
(Goin et al., 2007; Marshall, 1978).

The species Borhyaena macrodonta is based on an
incomplete cranium with associated right dentary and
dentition, MACN 52-390 (Additional file 1: Figure S16),
from Gran Barranca, Colhue Huapi Member, Sarmiento
Formation, Chubut, Argentina. Considering that tooth
measurements provided in the description of MACN-
Pv CH40 are minima because the teeth are incomplete,
m3-m4 size closely approximate those of the Borhyaena
macrodonta holotype (length of m3: 14 mm; length of
m4: ca. 18 mm; Marshall, 1978: Table 4). According to
Marshall (1978), larger size differentiates Borhyaena
macrodonta from the very similar coetaneous species
Acrocyon riggsi. In addition, the rostral portion of den-
tary of MACN 52-390 is gently curved and the symphy-
sis is unfused, as in MACN-Pv CH40. Upper and lower
canines are larger in the holotype of Borhyaena macro-
donta than MACN-Pv CH40 but this could relate to the
age (canines in borhyaenoids continue growing after all
the molars have completed eruption; Babot et al., 2022;
Forasiepi & Sanchez Villagra, 2014), in addition to sex
or individual variation, as already indicated for the spe-
cies (Marshall, 1978). Metacone on the m3 of MACN-
Pv CH40 is slightly larger than that of the holotype, but
similar to specimen MLP 92-X-10-8 (Goin et al., 2007:
Fig. 7F), for which minor variation is noted.

Acrocyon riggsi was named on the basis of a robust
skull FMNH P13433 from Gran Barranca, Colhue Huapi
Member, Sarmiento Formation, Chubut, Argentina
(Marshall, 1978; Sinclair, 1930). To this species Goin et al.
(2007) referred an incomplete dentary with dentition
(MLP 85-1I-1-1), found not far from Sacanana. According
to Goin et al. (2007), the inclusion of this specimen in the
hypodigm of Acrocyon riggsi may add to the diagnosis of
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the genus the presence of a crest on the distal face of the
protoconid (here interpreted as a vestigial postprotocris-
tid following homological assumptions in Forasiepi et al.,
2015) and the aligned disposition of the major cusps of
the lower molar (homologous to paraconid, protoconid,
and metaconid as interpreted here). The first feature
however seems to be more broadly distributed among
borhyaenids (e.g., Borhyaena macrodonta MACN-A
52-390), variably present and/or sometimes obscured by
wear. At least on the m4, MACN-Pv CH40 lacks a crest
or thickening on the postprotocristid. Regarding the sec-
ond trait, major cusps on the lower molar in MACN-Pv
CHA40 define an open triangle. In addition, features of
the lower jaw of MLP 85-1I-1-1 include deep and robust
dentaries fused at the symphysis in adults (Goin et al,
2007), which differs from MACN-Pv CH40. Assum-
ing our interpretations are correct, the large borhyaenid
from Sacanana, MACN-Pv CH40, is tentatively referred
to Borhyaena macrodonta, pending a deeper investiga-
tion of the main anatomical defining within Borhyaena.

Encephalization and braincase endocast

This study presents a 3D digital reconstruction of the
braincase endocast of MACN-Pv CH1911 that notably
increases the information available for Sparassodonta
(Dozo, 1994; Forasiepi et al., 2019; Quiroga & Dozo, 1988;
Weisbecker et al., 2021) and, more broadly, stem Mar-
supialia and other fossil metatherians (e.g., Dozo, 1989;
Forasiepi et al., 2006; Horovitz et al., 2008; Macrini et al.,
2007a; Muizon & Ladevéze, 2020; Macrini et al., 2022).

The braincase endocasts of Sipalocyon are similar to
those of extant marsupials, but the general morphology
of the two are notably different, S. externus being more
similar to Didelphis and S. gracilis resembling more
Monodelphis.

The lissencephalic surface of the braincase endocast
of Sipalocyon corresponds to general trends known in
didelphids, dasyurids (with the exception of Thylacinus
cynocephalus Harris, 1808; e.g., Macrini et al., 2007b),
and most fossil metatherians (Dozo, 1989; Forasiepi et al.,
2006; Macrini et al., 2007a; Horovitz et al., 2008; Muizon
& Ladevéze, 2020; Macrini et al., 2022), but contrasts
with the gyrencephalic endocasts of the non-hathliacynid
sparassodonts Borhyaena tuberata and Thylacosmilus
atrox (Dozo, 1994; Quiroga & Dozo, 1988).

The olfactory bulbs of Sipalocyon are smaller than
expected when compared to other stem marsupials (see
Paleoecology, Nasal structures and olfaction). The para-
flocculi are also small in comparison to those of other
marsupials (e.g., Macrini et al., 2007a, 2007b; Muizon
& Ladevéze, 2020). Because the reconstructed volume
of the paraflocculi from the subarcuate fossa may not
accurately represent the true size of the paraflocculi
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(Sanchez-Villagra, 2002), their small size in Sipalocyon
only indicate that they were not enlarged relative to
extant marsupials.

On the braincase endocast of Sipalocyon, the mid-
brain is visible between the cerebellar hemispheres and
the cerebellum. In S. gracilis, the left and right protu-
berances of the inferior colliculi are marked, but they
are not discernible in S. externus. In placentals, expo-
sure of the midbrain is regarded as basal in primates
and rodents (Bertrand et al., 2019; Silcox et al., 2009,
2010). In metatherians, however, Macrini (2006) recon-
structed the ancestral state of the midbrain as unex-
posed, due to presence of the overlapping sinus. In this
context, the derived condition in Sipalocyon (midbrain
exposed) might be linked to the presence of the large
accessory transverse diploic sinus, which presumably
played a role in sending part of the encephalic drain-
age through the vessels in the parietal diploe, thereby
reducing the volume passing through the (original)
transverse sinus. If this resulted in smaller sinus calib-
ers, the end result would mean greater midbrain
exposure (see section Insights on the cranial venous
drainage).

To summarize, the braincase endocast of Sipalocyon,
although didelphid-like, exhibits derived states, such
as exposure of midbrain and relatively small olfactory
bulbs and paraflocculi.

Paleoecology

Body mass. Estimated body masses for S. externus
MACN-Pv CH1911 are as follows (Table 1 and related
measurements in Additional file 1: Table S4): 2.33 kg
(equation from Myers, 2001), 2.67 kg (equation from
Gordon, 2003), and 1.15 kg (equation from Ekdale,
2013). Additionally, body mass estimations for S. graci-
lis AMNH VP-9254 ranges between 1.34 and 4.84 kg,
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whereas values for Sipalocyon sp. MPM-PV 4316 are
1.31-1.87 kg.

Body mass estimation based on inner ear length is
similar for both species and are the lowest estimated val-
ues. Given that Ekdale’s (2013) formula was generated
for mammals in general, with few metatherian exem-
plars included, we suggest rejecting these estimations in
this case. We therefore consider the two other inferences
(equations from Myers (2001) and Gordon (2003), based
on living marsupials) to be more reliable and estimate
the body mass range of S. externus MACN-Pv CH1911
at 2.3-2.7 kg, S. gracilis AMNH VP-9254 at 1.8-4.8 kg,
and Sipalocyon sp. MMP-PV 4316 at 1.3-1.9 kg. The
body masses for S. gracilis are similar to previous estima-
tions using dental equations (1.9 kg, Vizcaino et al., 2010;
2.0 kg, Prevosti et al., 2013; 1.8-2.7 kg, Croft et al., 2017)
and postcranial measurements (1.0-5.0 kg, Argot, 2003a;
2.1 kg, Ercoli & Prevosti, 2011). We note that this is the
first time that body mass inferences for S. externus have
been made on actual material from this species; previous
efforts were based on comparisons with sparassodonts
of similar size (Prevosti & Forasiepi, 2018; Prevosti et al.,
2013). Overall, the body mass range of S. externus over-
laps with smaller specimens of S. gracilis.

Encephalization quotient. Encephalization quo-
tients (EQ) for S. externus MACN-Pv CH1911, S. graci-
lis AMNH VP-9254, and Sipalocyon sp. MPM-PV 4316
have similar values (Table 1). The maximum EQ value
observed in S. gracilis (Table 1, see also Additional file 1:
Tables S3-S4) is interpreted as an artifact of the under-
estimated body mass of AMNH VP-9254. Following the
equation of Jerison (1973), values for all three specimens
are lower than the ones for the borhyaenoids Borhyaena
tuberata and Thylacosmilus atrox (0.64 and 0.72-0.73,
respectively; Quiroga & Dozo, 1988; Dozo, 1994), but are
higher than that for the fossil metatherian Pucadelphys
andinus (0.17-0.19; Macrini et al, 2007a). Compared

Table 1 Estimated body weight and brain weight in grams with encephalization quotient for Sipalocyon

Species Sipalocyon externus Sipalocyon gracilis Sipalocyon sp.
Collection number MACN-Pv CH1911 AMNH VP-9254 MPM-PV 4316
Estimated body mass [g] Min 2331 1770 1310
Max 2670 4840 1870
Estimated brain weight [g] 7.82 11.03 5.98
Without ob 732 10.38 5.65
Jerison (1973) 0.31-0.34 0.30-0.58 0.31-0.39
Without ob 0.30-0.32 0.28-0.55 0.29-0.37
Eisenberg (1981) 043-048 0.39-0.83 043-0.56
Without ob 0.41-0.45 0.37-0.78 041-0.53
Smaers et al. (2021) 0.65-0.70 0.65-1.16 0.61-0.75
Without ob 0.61-0.66 0.61-1.09 0.58-0.71

max maximum value, min minimum value, ob olfactory bulbs
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to extant marsupials, the EQ of Sipalocyon is within the
range of EQs of didelphids (0.24-0.42; Macrini et al,
2007a), although it is lower than that of the extinct didel-
phid Thylatheridium cristatum Reig, 1952 (0.55; Dozo,
1989).

For comparison, following the equation of Eisen-
berg (1981), the EQ of Sipalocyon is higher than that of
the fossil metatherian Pucadelphys andinus (0.28-0.32;
Macrini et al., 2007a), but similar to extant didelphids
(0.30-0.68; Macrini et al., 2007a). Following the equation
of Smaers et al. (2021), the EQs of Sipalocyon are lower
than the ones for extant marsupials, in distinction to
those estimated using the equations of Jerison (1973) and
Eisenberg (1981).

Viewing all three equations, it may be concluded that
EQ values of Sipalocyon are consistently similar to or
slightly lower than the ones for didelphids but higher
than those for Pucadelphys. Among sparassodonts,
Sipalocyon has lower encephalization than borhyaenids.
In the absence of data on other hathliacynids, it is not
possible to infer whether this is a shared characteristic of
the family, or if higher EQs would be expected for other
stem metatherians (Quiroga & Dozo, 1988, but see Weis-
becker et al., 2021). The low EQ of Sipalocyon mainly
derives from its relatively small cerebrum, a condition
also observed in other fossil non-marsupial metatherians
when compared to extant marsupials (Weisbecker et al.,
2021). In the case of Sipalocyon, olfactory bulb volume is
small in comparison to other metatherians, which con-
tributes to an even lower EQ.

— 32} ¢
O] 0 aq ©
o { ] e O
© 28 ¢ o
B 247 %o ¢
ey
2
E 20 t Y . ‘ I ‘
-1.0 -0.5 0.0 0.5 1.0
log(relative CP area)
M sipalocyon @ Mammalia
@ relis O canis
© Monodelphis

Fig. 11 Log of the functional olfactory gene receptors (ORG)
according to the log of the relative cribriform plate area modified
from Bird et al. (2018). Marsupial and carnivoran mammals similar to S.
externus are indicated in colors. Area of interest from the cribriform
plate is illustrated with the same endocranial view that Fig. 4A
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Nasal structures and olfaction. The anatomy of the
nasal cavity of S. externus is close to that of marsupi-
als, featuring one maxilloturbinal, one nasoturbinal, five
endoturbinals, and two ectoturbinals (Fig. 4). The endo-
and ectoturbinals are covered by olfactory epithelium in
extant marsupials (Rowe et al., 2005), but the incomplete
preservation of these turbinals in our material obviates
comparative inferences.

In mammals, the cribriform plate is perforated by vari-
ous divisions of the olfactory nerve (CNI; Figs. 4D and 9).
The total perforated cribriform plate surface area is 83.20
mm? With body mass estimation between 2.3 and 2.7 kg,
the logarithmic relative cribriform plate surface area
is -0.083—-0.046. Using the regression of Bird et al. (2018),
the number of functional olfactory receptor genes of S.
externus is estimated to lie between 523 and 556. These
values are much lower than the extant marsupial Mono-
delphis domestica (1188 receptor genes; Bird et al., 2018)
but among carnivorous mammals, they approximate
those of the extant felid Felis silvestris catus Schreber,
1775 (677; Bird et al., 2018; but see Additional file 1: Cri-
briform Plate Analisis) and the values predicted for the
much larger saber-toothed felid Smilodon fatalis Leidy,
1868 (~ 600; Bird et al., 2018).

Lesser reliance on olfaction in S. externus is also
reflected in its small olfactory bulbs, which represent
only 5.8% of the encephalic cavity. This seems to be the
general case for the genus Sipalocyon as the other two
specimens studied have equally low olfactory bulb pro-
portions (S. gracilis: 5.8%; Sipalocyon sp.. 5.7%). This
percentage is smaller than that found not only in extant
marsupials but also in the borhyaenid Borhyaena tuber-
ata (7.4%; calculated from Weisbecker et al., 2021)
and the stem marsupials Pucadelphys andinus (11.7%;
Macrini, 2007a) and Andinodelphys cochabambensis
(12%; Muizon & Ladevéze, 2020). Small olfactory bulbs
and lesser surface for olfactory nerve perforations on the
cribriform plate are a strong indication that the olfactory
system of Sipalocyon was not the primary sense used for
hunting but was rather complementary to other sensorial
capacities (vision, hearing, somesthesis).

Orbit orientation and vision. The orbits of S. externus
and S. gracilis are highly convergent, a characteristic of
predatory mammals that have large fields of stereoscopic
vision—depth perception—for focusing on their prey
(e.g., Cartmill, 1970; Gaillard et al., 2023; Heesy, 2004).
Although hathliacynids and borhyaenids have differ-
ent orbit orientations, in possible correlation with their
respective locomotory behavior, the orbits of Sipalocyon
are arranged like that of the borhyaenid Arctodictis sin-
clairi (Gaillard et al., 2023). Among sparassodonts, major
differences in orbital angular relationships have been
detected in the sabertooth Thylacosmilus atrox, but this
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was a consequence of a major reorganization of its cra-
nial anatomy to accommodate hyperdeveloped upper
canines (Gaillard et al., 2023). In Sipalocyon, the conver-
gence angle is similar to angles found in other carnivo-
rous mammals that use sight to hunt prey. In fact, the
majority of living hypercarnivorous felids (e.g., pumas,
cheetahs) rely heavily on vision for predation (e.g., Kitch-
ener, 1991; Van Valkenburgh et al.,, 2014), and we infer
that this was also the case for Sipalocyon.

Middle ear and audition. In the absence of soft tis-
sue preservation, features of middle ear elements such
as the ectotympanic can help to estimate hearing capa-
bilities in fossil taxa (e.g., Rosowski, 1992). The pars
tensa of the tympanic membrane is reconstructed as a
circular plane fitting the curvature of the crista tym-
pani; the maximum diameter of the membrane is meas-
ured as the maximum distance of curvature (Additional
file 1: Figure S14). In S. externus, the diameter of the
reconstructed pars tensa is 4.7 mm and its area is 17.35
mm?. By applying the equation of Rosowski (1992), the
estimated limits of optimum hearing frequencies of S.
externus span the interval between 0.7 and 38.3 kHz.
To test this estimation, we also calculated hearing fre-
quency limits for S. externus according to Rosowski’s
(1992) equation using the size of the fenestra vestibuli,
for which we obtained almost the same range of fre-
quencies (0.5-37.9 kHz). These values, similar to the
frequencies previously estimated for S. gracilis based
on stapedial footplate dimensions (1.0-48.6 kHz; Gail-
lard et al., 2021), correspond to the hearing ranges of
the extant dasyuromorph Dasyurus hallucatus (0.5—
40 kHz; Aitkin et al., 1994; Vater et al., 2004).

Inner ear and agility. The radius of curvature of the
semicircular canals is supposed to be a proxy for agility,
agile mammals having significantly larger canals rela-
tive to body mass than slow-moving mammals (Spoor
et al., 2007). Using the database generated by Spoor
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et al. (2007), we added data from sparassodonts and
other extant and extinct metatherians to assess agility
in this group (Fig. 12; Additional file 1: Table S5). The
graph shows that marsupials are often below the cor-
responding trend line for their category, while sparas-
sodonts were close to slow and extra-slow mammals
(Fig. 12). This is not congruent with their postcranial
morphologies (Argot, 2003a, 2003b; Ercoli et al., 2012).
The only sparassodont close to more agile species is
Thylacosmilus. We consider that the trend found by
Spoor et al (2007) cannot be applied to our particular
group, which possibly responds to phylogenetic con-
straints or sample bias against metatherians.

Insights on the cranial venous drainage

Diploic system. One unexpected feature in S. externus
MACN-Pv CH1911 revealed by the CT scans and the
3D reconstruction is the presence of a large accessory
transverse diploic canal (atc) in the parietal diploic space.
There are two large foramina through which the atc com-
municates with the primary transverse sinus (=foramina
for parietal diploic vein sensu Muizon et al., 2018; Addi-
tional file 1: Figure S13). Similar foramina have also been
reported in fossil and extant metatherians (Allgokirus,
Andinodelphys, Didelphis, Dromiciops, Thylacinus, and
Dasyurus; Muizon & Ladeveze, 2020). Additionally in S.
externus a couple of tiny canaliculi (too small to be ren-
dered in the 3D reconstruction) connect the atc to the
reduced parietal diploe.

In S. gracilis AMNH VP-9254, the diploic system seems
to be reduplicated. The left and right division of the atc
pass rostrally into the parietal diploe to merge at the level
of the confluence of sinuses to form a single, rostrocau-
dally oriented canal. This canal, called the accessory sag-
ittal diploic canal (asc), travels through the diploe, parallel
and dorsal to the superior sagittal sinus, to the level of the
olfactory bulbs where it splits into four smaller canals
and associated ramifications. There are many small con-
nections between the atc and asc and the diploic space,
although the latter is not very extensive. On the left side
of the atc, another large diploic canal projects caudally,
enters the interparietal diploe, and exits the cranium
through emissary foramina (Fig. 13). The size of this canal
is slightly smaller than the atc, which might indicate that
part of the content of the atc drains into the interparietal
diploe and the rest flows via the prootic sinus (see below).
There are also several irregularly distributed small aper-
tures at the base of the sagittal and nuchal crests (e.g.,
Fig. 13; Additional file 1: Figure S11L). These are inter-
preted as diploic and emissarial foramina (for discussion
of similar networks in panperissodactyls see MacPhee
et al., 2021).
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Fig. 13 Digital reconstruction of the accessory transverse diploic sinus in A-B S. externus MACN-Pv CH1911 and C-D S. gracilis AMNH

VP-9254 in dorsal (A, C€) and lateral (B, D) views. Dark blue indicates the major dorsal diploic canals. In light blue are other features associated

with the accessory transverse diploic canal (e.g., sphenoparietal emissary vein, interparietal diploic space). Discontinuous light blue lines represent
the superior sagittal sinus and transverse sinus. Foramina in white are inside the encephalic cavity, whereas foramina in black are outside,

on the cranial surface. Asterisk indicates major canals inside the interparietal diploic space for the interparietal diploic vein. Scale bars represent

1 cm. ass accessory superior sagittal diploic sinus, ats accessory transverse diploic sinus, atsf foramen for the accessory transverse diploic sinus,

df diploic foramen, emf emissary foramen, pd parietal diploe, pgf postglenoid foramen, ps prootic sinus, pzf postzygomatic foramen, rt rami
temporales, smf suprameatal foramen, spv sphenoparietal emissary vein, spvc canal for the sphenoparietal vein, sss superior sagittal sinus, tss

transverse sinus

Postglenoid venous system. In Sipalocyon, the prootic
sinus runs along a sulcus between the petrosal and squa-
mosal (Fig. 13). The prootic sinus, now enlarged by the
venous flow of the transverse sinus and the accessory
transverse diploic sinus, leaves the encephalic cavity via
the sphenoparietal emissary vein through the postglenoid
foramen (postglenoid vein in Wible, 2003, 2022). Inside
the squamosal there is a large canal that we interpret as
the common trunk of the sphenoparietal emissary vein

and its branch, the suprameatal vein. The later exits the
cranium at the suprameatal foramen (Wible, 2022). This
network finally drains into the external jugular vein.
Piercing the squamosal, the postzygomatic foramen also
communicates with the postglenoid canal via a small
conduit (Fig. 13, Additional file 1: Figure S11G).

The configuration of squamosal vasculature of Sipalo-
cyon is typical of marsupials (e.g., Wible, 2003, 2022),
apart from its larger size due to additional venous com-
ponents related to the accessory transverse diploic sinus.
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Conclusion

The two sparassodonts described here represent the
known mammalian carnivore fauna of the Early Mio-
cene Colhuehuapian locality of Sacanana (Patagonia,
Argentina): the small-bodied Sipalocyon externus and
the larger Borhyaena macrodonta. The well-preserved
cranium of S. externus MACN-Pv CH1911 allowed
a complete pCT-assisted study of its anatomy. The
incomplete specimen MACN-Pv CH40 is referred to
the species Borhyaena macrodonta.

The cranial anatomy of S. externus is similar in various
ways to that of other metatherians (e.g., five endotur-
binals, large cerebellum). CT scanning permitted dis-
covery of a number of other features: palatine canal for
major palatine nerve and associated vasculature enclosed
within hard palate (instead of having a major palatine
foramen or fenestra); relatively small paraflocculi and
olfactory bulbs compared to the volume of the braincase
endocast; exposure of midbrain; presence of large acces-
sory transverse diploic sinus inside the parietal diploe
draining into postglenoid venous system; and well-
pneumatized middle ear cavity. The majority of these are
probably present in other sparassodont taxa that have yet
to be studied tomographically.

The body size of S. externus is estimated at 2.3-2.7 kg,
similar to previous estimations based on dental measure-
ments (Prevosti et al., 2013; Zimicz, 2014). Thus, S. exter-
nus was a small predator, among the smallest species of
hathliacynids.

The encephalization quotient of S. externus is smaller
than that of borhyanoid sparassodonts (Borhyaena tuber-
ata, Thylacosmilus atrox, although body mass of the two
species is pending updating), it is larger than that of the
fossil metatherian sister taxon of sparassodonts (Puca-
delphys andinus), and fits within the range of EQs found
in extant marsupials.

The small olfactory bulbs suggest that S. externus had
lesser sense of smell than extant marsupials. The num-
ber of functional olfactory receptor genes, as estimated
from the cribriform plate, also suggests that the capacity
to interpret olfactory information at the receptor level
was more limited than that of extant marsupials, perhaps
close to that of domestic cats. The optimal hearing fre-
quency limits of S. externus are estimated to lie between
0.5 and 55 kHz and resemble the frequency spectrum of
extant marsupials. The orbital orientation of S. externus
is typical of predatory mammals using wide-field stereo-
scopic vision, but not as extreme as extant felids. Alto-
gether, S. externus does not show radical specialization in
any of the three senses studied here (vision, audition, and
smell), which argues for a complementary use of sensory
capacities in its predatory behavior.

C. Gaillard et al.

In conclusion, this study provides new information
on the sparassodonts of the Early Miocene of Patagonia
with a comprehensive study of the cranial anatomy and
neuroanatomy of Sipalocyon externus. Such deep cra-
nial investigations allow for many interpretations on the
paleobiology of metatherian fossils and contribute to the
understanding of the evolution of marsupials.
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