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ARTICLE

THE LOST JACKALS FROM THE BRAZILIAN CAVES: INSIGHTS ON THE TAXONOMY AND
PALEOECOLOGY OF PLEISTOCENE BUSH DOG SPEOTHOS PACIVORUS (CARNIVORA,
CANIDAE)
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ABSTRACT — Speothos pacivorus from the Pleistocene of Brazilian Intertropical Region (BIR) is distinguished from the
extant bush dog S. venaticus by its larger size and key characters of the skeleton and teeth. Nonetheless, its taxonomic
status is volatile, with some authors still considering both species as synonymous. Here, we aimed to summarize
morphofunctional differences between S. pacivorus and S. venaticus through a comparative description of their skull and
dentition, geometric morphometric analysis (GMM), and finite element analysis (FEA). Our GMM revealed S. pacivorus
significantly separated from the sampled specimens of S. venaticus, and a regression analysis showed that the
morphological differences of its cranium are not size-related, reinforcing its status as a separate species. Both exhibited
very akin von Mises’ stress average and distribution on FEA’s results, suggesting similar prey-capturing strategies. Our
results bolster the hypothesis that the coexistence of these hypercarnivorous canids in the BIR could be explained by a
diverse megaherbivore community, allowing resource partitioning between different canid species. Following the demise
of these megaherbivores in the Pleistocene—Holocene boundary, other large hypercarnivorous canids also became extinct,
leaving the small S. venaticus, able to subsist on smaller prey, as the sole surviving species of this specialized lineage.
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INTRODUCTION

The Lagoa Santa Karst region in Minas Gerais, Brazil, is of
great importance for Brazilian Paleontology. It was the place in
which the Danish naturalist Peter Lund (1801-1880) conducted
his famous works on the natural history of the Brazilian central
plateau (Holten & Sterll, 2011). By the mid-19th century, Lund
collected numerous fossils and described 22 extinct and eight
living species of mammals from the caves of the region, from
rodents to saber-toothed cats and even human remains (Auler,
2020; Cartelle, 2020), a pioneering work that gave him the title

*Corresponding author.
Color versions of one or more of the figures in the article can be found
online at www.tandfonline.com/ujvp.
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of father of Brazilian Paleontology (Holten & Sterll, 2000).
Among the specimens, Lund identified the remains of five
species of Cerdocyonina, the South American canids, including
the only known fossils of the genus Speothos (Ruiz et al., 2024)

Cerdocyonina encompasses an interesting diversity of living
and extinct species (Chavez et al., 2022; Zrzavy et al., 2018).
This clade has two major lineages: a foxlike clade, with small,
generalist species, and another clade composed by only two
very distinctive living species, the bush dog (Speothos venaticus)
and the maned wolf (Chrysocyon brachyurus, Chavez et al., 2022;
Zrzavy et al., 2018). The Speothos—Chrysocyon lineage also con-
tains many extinct taxa, including the genus Dusicyon, jackal-like
forms closely related to the maned wolf, and the medium to
large-sized hypercarnivores Protocyon, Theriodictis, and associ-
ated forms (Prevosti, 2010; Zrzavy et al., 2018). The bush dog
is the only living species of this hypercarnivorous lineage (Fig.
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FIGURE 1. Simplified phylogenetic relationships within Cerdocyonina after Zrzavy et al. (2018). A, Speothos—Chrysocyon lineage; B, the clade of
hypercarnivorous cerdocyonines. Illustrations from Mivart (1890), with silhouettes of extinct Pleistocene taxa (not to scale).

1, clade B), being also the only living Cerdocyonina which pre-
sents this specialized diet and other unique traits, such as pack-
hunting behavior and polyestrous reproduction (Beisiegel &
Zuercher, 2005; Perini et al., 2010; Porton et al., 1987; Van Valk-
enburgh, 2007).

The taxonomy of Speothos is historically confusing. The genus
was first erected by Lund (1839, 1840), after the discovery of the
remains in the Lapa da Cerca Grande cave (Lagoa Santa Karst
region, Brazil), which encompass the materials referred here as
S. pacivorus. After that, Lund also described fossil and extant
specimens of the bush dog, first as a mustelid, Cynogale venatica
(Lund, 1842) and then as a canid, Icticyon venaticus (Lund, 1842/
43). Winge (1895) noticed the similarities between Speothos and
Icticyon venaticus, but erroneously argued that Icticyon has pri-
ority as the genus name and considered I. pacivorus the ancestor
of 1. venaticus (Berta, 1984). The priority of Speothos was only
recognized by the middle of the next century, by Kraglievich
(1930). Although Berta (1984) concluded that there are enough
morphological traits to differentiate S. pacivorus from

S. venaticus, some studies considered the observed differences
as intraspecific variation (Prevosti & Forasiepi, 2018), with
S. venaticus as a potential synonym of S. pacivorus. Finally,
there are few phylogenetic analyses that include S. pacivorus.
The ‘conventional view’ (i.e., Speothos as a clade containing
two species, S. pacivorus and S. venaticus) is recovered by
Okfinova (2013) and Zrzavy et al. (2018), in their analysis
based on morphological, developmental, ecological, behavioral,
and cytogenetic characters. In contrast, Perini et al. (2010), in a
combined analysis with molecular and morphological data, did
not recover Speothos as a monophyletic genus, with
S. venaticus as the sister group of the clade S. pacivorus + (Proto-
cyon + Theriodictis).

Even with the rich assembly of extinct Cerdocyonina, most of
the works with this clade are oriented to new geographic records
(Oliveira et al., 2005, Prevosti & Rincén, 2007; Prevosti et al.,
2009, 2011; Ruiz-Ramoni et al., 2022), phylogenetic relationships
(Perini et al., 2010; Prevosti, 2010), or ecological analyses, usually
based on the diet, but Speothos is mostly absent in such works
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(Dantas et al., 2022; Jacob et al., 2024; Prevosti et al., 2005; Pre-
vosti & Schubert, 2013). Here, we employ quantitative analyses
to study the biology of the Pleistocene Speothos, focusing on
S. pacivorus, aiming to (a) elucidate the taxonomy of the genus
based on a geometric morphometrics analysis performed with
key characters of the cranium, and (b) investigate its hunting
strategies using finite element analysis. With these two combined
techniques, we were able to conduct the most comprehensive
examination on the evolution and functional morphology of
the genus in 40 years.

MATERIAL AND METHODS
The Materials of Speothos pacivorus

The known specimens of Speothos pacivorus are deposited in
the Peter Lund/Quaternary Collection of the Natural History
Museum of Denmark, Copenhagen (NHMD), including a
nearly complete cranium (the holotype, NHMD:211341, Fig. 2),
as well as four other cranial and mandibular fragments (Fig. 3),
at least 54 isolated teeth, and fragments of postcranial skeleton,
including appendicular bones and one vertebra (Ruiz et al,
2024). Berta (1984) assumed that the holotype and the postcra-
nial remains belong to the same individual based on the similar
stage of development; considering the incomplete epiphyseal
closure of ulna and tibia, she also concluded it was a subadult
of about 7-8 months of age, though no more details were dis-
cussed. The holotype’s cranium also presents unfused bones
(see below), and although all the preserved teeth are permanent,
it does not present extensive wear, which fits with the “adult 1”
(A1) category proposed by Segura and Prevosti (2012), an onto-
genetic classification we consider for our analyses as it is based on
ontogenetic stages easily identified by teeth characters and also
due to its extensive sampling. Linear measurements discussed
in the comparative description (e.g., cranial length, palate
width, etc.) were taken from pictures using the software
ImageJ (Abramoff et al., 2004). The osteological and dental
nomenclatures follow Evans and de Lahunta (2012) and Berta
(1984), respectively.

CT-Scanning

For this study, the specimen NHMD:211341 (complete
cranium) was nCT-scanned at the 3D Imaging Centre, Technical
University of Denmark, using a XT H225 ST system from Nikon.
The scan was conducted using an aluminum filter (thickness of
0.002 mm), with a voltage of 120 kV and current of 417 pA, result-
ing in 3142 projections (voxel size of 0.1 mm). For comparison,
we also scanned a skull of S. venaticus (hereafter bush dog),
SMNS-Z-MAM-019136, which represents a large wild adult
from Suriname, at the 3D Imaging Lab of the University of
Tiibingen, Germany, using a XT H 320 system from Nikon,
scanned with an aluminum filter (thickness of 0.25 mm), with a
voltage of 180 kV and current of 83 pA, resulting in 4476 projec-
tions (voxel size of 0.053 mm). The segmentation of the slices into
a single material was performed with Amira 2021.1 (Thermo
Fisher Scientific) and Biomedisa (Losel et al., 2020), with small
cracks and holes in NHMD:211341 being reconstructed poster-
iorly with Blender version 3.4 (DeVries et al., 2022; see also
Ruiz et al., 2024).

Geometric Morphometrics

We photographed 77 individuals on the ventral view with a
scale for geometric morphometric analyses. The sample consisted
of the type specimen of Speothos pacivorus and 59 individuals of
bush dog (Table S1), including only adult specimens from Al to
A3 categories proposed by Segura and Prevosti (2012)

considering dental eruption and wear. Of the 56 specimens
with confirmed categorization, 24 were labeled as Al, 16 as
A2, and 16 as A3 (see Table S2). For comparison, we also
added other species of the Speothos—Chrysocyon lineage, includ-
ing the extant Chrysocyon brachyurus (n=6) and the extinct
Dusicyon avus (n=2), D. australis (n =4), Protocyon scagliorum
(n=1), P. troglodytes (n = 2), ‘Canis’ gezi (n = 1), and Theriodictis
platensis (n=1). See the supplementary information for a com-
plete list of specimens (Table S1) and institutional abbreviations.

We registered the x and y coordinates of 35 landmarks on both
sides of the cranium in ventral view (Table S3, Fig. S1) and regis-
tered the scale with the software TPSDig (Rohlf, 2015). Because
the resulting configurations are arbitrarily rotated, translated,
and scaled, we performed a Generalized Procrustes Analysis
(GPA) to standardize for those effects (Rohlf & Slice, 1990).
This analysis was performed with the R (version 4.2.2 R Core
Team) package Morpho, which allows for the removal of bilat-
eral asymmetry (Schlager, 2017). The resulting superimposed
configurations were subjected to a principal component analysis
(PCA) for dimensionality reduction and data visualization.

To evaluate possible differences between S. pacivorus and the
bush dog, we conducted a non-parametric multivariate analysis
of covariance (npMANCOVA, Anderson, 2001) using size as a
covariate, species as factor, and type II sum of squares. This
analysis was performed only for the Speothos specimens to
assess if differences among species can be explained only by allo-
metric changes. If we find a significant effect of size, but not of
species, that would be consistent with the existence of a single
taxon with allometric differences among individuals. If we find
a significant effect of species despite the presence of allometry,
that would be consistent with non-allometric shape differences
between both taxa. Size was measured as the log-transformed
centroid size (logCS). The CS is calculated as the square-root
of the sum of the distances among each landmark and the cen-
troid of the configuration, which is the center of mass of the
configuration.

Significance was tested using 9999 permutations of the species
identities and calculating effect sizes using the R package geo-
morph (Adams et al., 2019). Because there is a single specimen
of S. pacivorus, this would be equivalent to calculating the
within-group variation only from bush dog and the between-
group variation from the average of bush dog and the specimen
of S. pacivorus. Permutations would then construct the null distri-
bution of effect sizes by considering S. pacivorus as part of bush
dog and randomly drawing a specimen of bush dog to be associ-
ated to S. pacivorus. Significance was calculated as the number of
effect sizes greater than the ones observed through permutations.
To visualize the allometric shape differences within the Speothos
sample, we calculated the regression scores between shape and
size (Drake & Klingeberg, 2008). This method calculates the pro-
jection score of individual shapes onto the coefficient of
regression between size and shape (obtained from the npMAN-
COVA), and thus describes the shape variation more associated
with size (Drake & Klingeberg, 2008).

Finite Element Analysis

To understand the cranial functional properties in different
hunting movements for both species of Speothos, we tested
different extrinsic (i.e., ‘external’ forces, generated by a strug-
gling prey) scenarios on the cranium of S. pacivorus and the
bush dog (SMNS-Z-MAM-019136). The three-dimensional sur-
faces were composed of a single material, with no distinction
between bone and teeth, as in Slater et al. (2009). These surfaces
were then imported in the software Hypermesh 13.0 (Altair
Engineering) and treated as isotropic and homogeneous (solid
model consisting of approximately 800,000 tetrahedral elements
per model). The material properties of cortical bones (E =13.7
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Speothos pacivorus Q Speothos venaticus

FIGURE 2. The crania of Speothos pacivorus (NHMD:211341) and S. venaticus (SMNS-Z-MAM-019136). A, left and right lateral views; B, dorsal and
ventral views; C, occipital views. Scale bars equal 2 cm.
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GPa, v=0.3) were assigned based on previous works on carni-
vore mammals, including canids (Chamoli & Wroe, 2011; Figueir-
ido et al., 2018; Slater & Van Valkenburgh, 2009; Slater et al.,
2009). To avoid incongruities related to size difference, the
cranium of S. pacivorus was scaled to the same volume of that
of the bush dog (Sharp, 2015). Constraints were applied on the
occipital condyle (10 nodes in total) and the temporomandibular
joint (five on each side), with each node constrained in all direc-
tions (x, y, and z). Each modeled scenario was solved in the soft-
ware Abaqus 6.14-1 (Simulia Engineering). The performance of
each model was assessed via contour plots of von Mises stress dis-
tribution and mean von Mises stress per element and displace-
ment value of the elements; to avoid individual stress
singularities on nodes, 99% of the values were considered (Fig-
ueirido et al., 2018; Montefeltro et al., 2020).

Eight extrinsic scenarios with different load assignments were
tested to understand the craniomandibular functional properties
in different conditions, based on the application of an extrinsic
load of 315N on each canine and 530 N on each carnassial,
according to the bite force estimated for the bush dog by Ruiz
et al. (2022). Each scenario aims to investigate possible move-
ments of prey capture, including bite and postcranial-guided
head movements (Montefeltro et al., 2020). Six bilateral scen-
arios follow Figueirido et al. (2018) and Ruiz et al. (2022), and
consist of: stabbing, in which a dorsally directed load was
placed at the tip of the tooth; pulling back, in which an anteriorly
directed load was placed at the posterior surface of the tooth; and
head shaking, in which a laterally directed load was placed at the
mid-left surface of the tooth.

Additionally, two unilateral, postcranially guided scenarios
were tested following Montefeltro et al. (2020), the head twisting,
in which a dorsally directed load was placed in the left tested
tooth and a ventrally directed force was applied on the opposite,
right tooth. This movement of grabbing a prey and twisting the
skull laterally is characteristic for semiaquatic and aquatic ver-
tebrates, being better known for crocodiles as the ‘death roll’
(Drumbheller et al., 2019). It was not tested in canids through
FEA in previous studies (e.g., Ruiz et al., 2022; Slater et al.,
2009) and was included here due to the semiaquatic habits of
the bush dog (Beisiegel & Zuercher, 2005).

Institutional  Abbreviations—NHMD, Natural History
Museum of Denmark, Copenhagen, Denmark; SMNS-Z-
MAM, Stuttgart State Museum of Natural History, Mammal Col-
lection, Stuttgart, Germany.

RESULTS
Comparative Description of the Skull

In this section we describe the anatomy of the preserved
cranial and mandibular elements of Speothos pacivorus and its
respective dentition (Fig. 3), comparing it with the bush dog
(S. venaticus).

Cranium—overall, the cranium of S. pacivorus is a bit larger
than those of the bush dog (Table S2), being longer and wider
(at the zygomatic arches) in dorsal and ventral views (Fig. 2).
In general, its shape is akin to that of the dhole (Cuon alpinus,
Fig. S2), appearing to be less compact than the stumpy cranium
of the bush dog.

The rostrum is superficially shorter in relation to the whole
cranium than in the bush dog (Berta, 1984). In dorsal view, the
contact of the nasals with the frontal has an acute shape, as in
most bush dogs, although some specimens can present a blunt
to square-shaped suture. The frontal of S. pacivorus has an
anterior process situated between the nasal and maxilla, almost
contacting the incisive and limiting the nasal-maxilla suture to
a small segment. In the bush dog, the condition is usually
similar but, in many specimens, the frontal and incisive contact

each other, preventing a nasal-maxilla contact. The close proxi-
mity between the incisive and the anterior process of the frontal
is a typical condition in short-rostrum species of living canids,
being especially prominent in the hypercarnivorous painted
dog (Lycaon pictus, Fig. S2). In dorsal and lateral views, the
nasal does not reach the most posterior limit of the maxilla, a
condition shared by Speothos with the short-eared dog (Atelocy-
nus microtis), as noted by Berta (1984), and the crab-eating dog
(Cerdocyon thous, Fig. S2).

Apart from the dentition (see below), the palatal region of
both species of Speothos is very similar. Compared with any
other living canid, it is proportionally shorter and wider. At the
widest point (the contact of M1-M2), the width of the palate of
S. pacivorus comprises about 30% of the condylobasal length
of the cranium; in the studied bush dog specimens, the pro-
portional width is similar, ranging from 26% to 33% (Table
S4). Most of the pterygoid-palatine fossa and the nasopharyngeal
region is missing in NHMD:211341.

The basicranium of NHMD:211341 is noteworthy by present-
ing unfused contact between the sphenoid (basisphenoid part)
and the occipital (basioccipital part); the sphenoid (alisphenoid
part) and temporal (squamous part), anteriorly to the tympanic
bullae; and the occipital (basioccipital part) and temporal (tym-
panic part), around the medial and posterior margins of the tym-
panic bullae, as seen in ventral view (Fig. 2B). In posterior view
(Fig. 2C), the temporal (tympanic and petrosal parts) is also
unfused to the occipital (especially with the exoccipital but also
with a small part of the supraoccipital). Apart from this, the basi-
cranium of this specimen does not present any considerable
deformation or displacement and looks very similar to the basi-
cranium of the bush dog. In this species, the overall shape of
the paracondylar process and the position of the jugular and
hypoglossal foramina, as well as the overall shape of the occipital
condyles in ventral view, differ among the analyzed specimens.

Although Berta (1984) attested that the tympanic bullae of
S. pacivorus are larger than that of the bush dog, due to the
great variety of size of this structure in the latter species, it is dif-
ficult to assume that an enlarged bulla is characteristic for
S. pacivorus or if it is only a condition of this specimen. As
cubs and juveniles of South American canids present larger
bullae compared with older individuals (Segura et al., 2021),
the large, globulous bullae of the holotype of S. pacivorus
reinforces the possibility of it representing a young adult (A1)
specimen; however, given the absence of additional specimens
of S. pacivorus with a preserved basicranium, considerations on
this anatomical trait and aging cannot be made with certainty.

The clearest difference between both species is the proportion
of the braincase. In S. pacivorus it is considerably smaller in
relation to the cranium as a whole (being approximately 42%
of the cranium total length and with a width, at its widest
point, of 57% compared with the cranium’s widest point at the
zygomatic arches), while the bush dog possesses a much more
developed braincase (being approximately 50% of the cranium
total length and with a width at widest point of 68.4% compared
with the cranium’s widest point at the zygomatic arches in
SMNS-Z-MAM-019136). This enlarged braincase in the bush
dog is even enhanced by a postorbital constriction more accentu-
ated in S. pacivorus, which reduces the area of the anterior
portion of the braincase in dorsal and ventral views (Fig. 2B).
Although some specimens of bush dog also possess a consider-
able compression of the postorbital region, the degree of this
compression is not so extreme as seen in S. pacivorus.

The sagittal crest of S. pacivorus is more developed than that of
most bush dog specimens, which show crests of different sizes. In
Carnivora, the sagittal crest tends to increase in size with age,
allowing the attachment of the powerful adductor muscles
(Garcia-Perea, 1996; Segura, 2013; Van Valkenburgh, 2007).
However, considering that our sampling of Speothos
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FIGURE 3. The fragmentary skull elements of Speothos pacivorus. A, right maxilla NHMD:72 in lateral view; B, partial left hemimandible
NHMD:159 in labial and dorsal view; C, partial left hemimandible NHMD:711 in labial and dorsal view; D, partial right hemimandible NHMD:65

in labial and dorsal view. Scale bars equal 2 cm.

(8. pacivorus included) represents adults of different ages, it may
indicate that the development of the sagittal crest in the members
of this genus can also be related to other factors, such as sexual
dimorphism or demographic variations. Finally, as with the tym-
panic bullae, the fact that only one complete cranium is known
for S. pacivorus limits any inference on the relatively larger sagit-
tal crest of the holotype and its possible association with aging.

The nuchal crest is mildly developed compared with other
canids and is anteroventrally directed in S. pacivorus, with a
concave margin that follows the lateral limits of the occipital
region of the braincase, in lateral view. As with the sagittal
crest, in the bush dog this trait is variable but, overall, it is less
concave and more dorsoventrally directed, being almost straight
in some specimens. In both species, the ventral limit of the nuchal
crest ends on a small eminence almost contacting the external
acoustic meatus. The more developed nuchal crest of
S. pacivorus prevents the visualization of the occipital region of
the cranium in lateral view, a condition present in some bush
dog specimens.

The occipital region of S. pacivorus has a squared shape on its
dorsal portion, with its lower limits (outlined by the nuchal crest)
ventrolaterally directed, while in the bush dog it appears to be
more rounded (Fig. 2C). The scars of the cervical muscles are
marked by deeper depressions when compared with the
blunter surface of the bush dog, a condition exaggerated by the
larger nuchal crests of S. pacivorus. The foramen magnum of

S. pacivorus is oval and dorsoventrally compressed in posterior
view, being larger in relation to the cranium than that of the
bush dog (Fig. 2C). The dorsal margin of the foramen magnum
bears a crest that is present in both Speothos species, but it is
far more developed in the bush dog, notably seen in lateral
view, just above the occipital condyles. The foramen magnum
region, including the occipital condyles, is more posteriorly dis-
placed in the bush dog than in S. pacivorus, a condition noted
by Langguth (1980) and Berta (1984).

Mandible —there are three fragmentary mandibular specimens
preserved for S. pacivorus (Fig. 3): NHMD:159 (a partial left
hemimandible preserved from pm2 to the anterior half of the
masseteric fossa), NHMD:65 (a small fragment of the right hemi-
mandible preserved from the posterior wall of the anterior
alveoli of m1 to the anterior portion of the masseteric fossa),
and NHMD:711 (same as NHMD:65, but on the left hemimand-
ible). The morphology of the preserved portions is very similar to
that seen in the mandibles of the bush dog, being short and deep
and possessing a slightly developed subangular lobe (Berta,
1984). The masseteric fossa extends to the level of m2, a con-
dition that is also present in most bush dog specimens included
in this study.

By estimating the length of the molar section of the mandible,
we can suggest that the mandible of the bush dog is proportion-
ally deeper than that of S. pacivorus. While in the latter the height
of the mandibular ramus at the level of m1 is about 65-80% of
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the length from the anterior part of the m1 to the posterior part
of the m2, in the five largest bush dog specimens, it represents
about 98-108% (Table S5). A shorter and deeper mandible can
be directly related to the stumpy condition of the cranium of
the bush dog, with its shorter rostrum and reduced dentition.

Dentition—the dentition in the holotype of S. pacivorus is
relatively complete, and without extensive wear on the crowns
(Fig. 2). Teeth are also preserved in the maxillary fragment
(NHMD:72) and in the right hemimandible (NHMD:159);
there are also 54 isolated teeth assigned to the species (Ruiz
et al., 2024). For a detailed description of the dentition, see
Berta (1984).

Overall, the dentition of S. pacivorus is very similar to that of
the bush dog (Fig. 2A, B), with specific differences. Of the four
proposed autapomorphies of S. pacivorus, three are related to
its molars (Berta, 1984). First, the M1 of S. pacivorus presents
well-developed metaconule and hypocone, thus appearing
larger and more developed, square-shaped in ventral view
(Fig. 4C). In the bush dog, the metaconule and hypocone are
absent (Berta, 1984), and the tooth has a more delicate, triangu-
lar appearance in ventral view (Fig. 4D). Second, unlike most
bush dogs, S. pacivorus presents a M2, as there is an alveolus pos-
terior to M1. In the holotype, it is single-rooted in the left side,
but double-rooted in the right side (Fig. S3); in the maxillary frag-
ment preserved it is also double-rooted (Fig. 4E). Usually, bush
dogs do not possess M2: of the five specimens analyzed by
Gudinho and Weksler (2021), only one had it (20% of the
sampling). In our dataset of 59 specimens, the M2 is present in
11 specimens (about 18% of the sampling); of these, only three
bear the additional molar in both sides of the toothrow. In
general, this extra tooth is small and peg-like, circular in cross
section, unlike the larger and wider alveolus present in
S. pacivorus (Fig. 4F, G). Finally, the m2 in S. pacivorus is
double rooted, as seen in the alveoli of NHMD:65 and
NHMD:711 (Fig. 4H, I), but difficult to interpret in
NHMD:159 due to its preservation. In bush dogs, this tooth is
very reduced, presenting a single root (Winge, 1895; Fig. 4J).
However, it is important to note that root number in molars is
not a reliable character, especially in carnivorans with a special-
ized diet (DeMers, 2023).

Cranial Shape

The two first Principal Components (PCs) explain 68.8% of
the total variation in the sample (Fig. 5; for higher PCs, see Fig.
S4). The PC1 describes an overall contrast between a greater
contribution of molar teeth (M1-2) in the overall length of the
toothrow and a narrower braincase and zygomatic arches with
negative values and a greater contribution of the carnassial
(PM4) in relation to the overall length of the toothrow and a
wider braincase and zygomatic arches with positive values. The
PC2 mostly describes changes in the length of the rostrum,
with specimens with short, wider rostra at more negative values
and those with longer, narrower rostra at more positive values.
For the bush dog, specimens are concentrated on the positive
values of PC1 highlighting the overall shortening and robustness
of the rostrum, and reduction of the number of teeth. Within the
non-Speothos sample, there is a contrast between Chrysocyon
brachyurus, with a gracile cranium and elongated rostrum (PC1
—, PC2+), and P. troglodyctes, with a robust cranium and short
rostrum (PC1+, PC2-). ‘Canis’ gezi is the only species positioned
closer to the negative quadrant of both PCs (PCl-, PC2-),
which refers to a gracile cranium with a relatively short
rostrum. On the PC1 vs. PC2 morphospace, S. pacivorus is posi-
tioned between the bush dog and the remaining species.

The npMANCOVA showed a significant effect of both size
and species on shape variation, suggesting that the differences
observed between S. pacivorus and bush dog cannot be

explained by allometric differences alone (Table 1). Shape
differences between small and large individuals are subtle,
with smaller individuals having proportionally shorter rostra
and larger individuals having longer rostra (Fig. 6). Neverthe-
less, the regression scores illustrate the result of the npMAN-
COVA, showing that, despite being larger in size, the type
specimen of S. pacivorus does not follow the allometric expec-
tation of bush dog.

Finite Element Analysis

In relation to the distribution of von Mises stress, the differ-
ences between the species are more related to the degree of
stress (i.e., how the magnitude varies in the same affected area)
than to difference in the foci of stress through the cranium
(i.e., distinct points of stress between the species). In all extrinsic
scenarios tested, both species presented minor differences
regarding the average von Mises stress per element, with the
bush dog stressing slightly less than S. pacivorus, especially in
the stabbing and head-shake scenarios (Fig. 7); these differences,
albeit small, might be explained by the more stocky and higher
cranium of the bush dog. Loads on the carnassials yielded
more stress than on the canines. It is noteworthy, however, that
the differences in mean values between both teeth in all scenarios
are not considerable, even considering that the loads on the car-
nassial are about 170% that of the canines.

The head-shake scenarios were the most stressful of all tests, a
condition also recovered for bush dogs in Ruiz et al. (2022), a
study conducted with different models with distinct volumes,
material properties, and loads. In these scenarios, the carnassial
bites were slightly more stressful. Conversely, the difference of
stress average between canines and carnassials in the stabbing
scenarios are minimal. In the head-shake, the stress is more ante-
riorly distributed, especially at the orbital, lateral palatine
surface, and zygomatic arch, with the rostrum being also affected
but to a lesser degree. In the stabbing scenarios, the stress is dis-
tributed mainly on the braincase, orbital region, and lateral
surface of the palatines, with minor focus of stress on the
dorsal surface of the rostrum (in the canine scenarios).

The pull-back scenario stands out as the less stressed move-
ment, similar to previous studies with canids (Ruiz et al., 2022;
Slater et al., 2009). Compared with the other scenarios, the differ-
ences between the mean values of the canines and carnassials are
higher, albeit only slightly. The stress distribution in the pull-back
scenarios is limited mainly to the ventral portion of the cranium,
with minor areas of stress at the anterior portion of the rostrum
(in the canine tests), and in the posterior portion of the rostrum
and at the frontal (in the carnassial tests).

The head-twist scenarios are also characterized by lower stress,
responding very similarly, on average, to the pull-back scenario.
These lower values can be attributed to it being a unilateral scen-
ario. Although the bush dog shows similar mean values between
the canine and carnassial tests, in S. pacivorus the canine-driven
model is markedly less stressed than the carnassial one. This
comprises the only remarkable, albeit subtle, difference
between both species in all scenarios tested. The stress distri-
bution is quite similar to that of the pull-back scenario, with
less stress on the lateral surface of the palatines and more
stress on the zygomatic arch.

DISCUSSION
Speothos venaticus as a Distinct Species

The identification of canid species by osteological and external
features is difficult, especially when considering recent species
(Machado & Teta, 2020). Morphological similarities may not
be determinant of conspecifics, but subtle morphological



Ruiz et al. — The Brazilian cave jackal, Speothos pacivorus (¢2438827-8)

Speothos pacivorus Speothos venaticus

FIGURE 4. Diagnostic dental characters in Speothos pacivorus (left column) and S. venaticus (right column). A and B, digital reconstruction of the
upper dentition. C and D, left M1 in ventral (left) and lingual (right) views, in which: 1, paracone; 2, metacone; 3, protocone; 4, hypocone; and 5, meta-
conule (following Berta, 1984); E, alveoli of the right M2 in S. pacivorus, showing the double rooted anatomy of the tooth (indicated by the arrows).
Left M2 in S. venaticus, showing: F, the single alveolus for the tooth (USNM270370) and G, the preserved M2 (MPEG8794), both indicated by the
arrows. Double alveoli for m2 (indicated by the arrows) in: H, left hemimandible (NHMD:711), and I, right hemimandible of S. pacivorus
(NHMD:65). J, detached m2 of S. venaticus, showing its single root, indicated by the arrow (MZUSP35732).



Ruiz et al. —

The Brazilian cave jackal, Speothos pacivorus (e2438827-9)

‘& o
4 @
= Rz ® .[Chrysocyon brachyuru%
)
= ) ° o
< 0.00- o
o
¢y ~0:02- e Bl o _
o eC—! fodictis platensis| ~ - - )
~0.04 - [Protocyon scagliarumJ
d N ’ (¢] [Protocyon troglodytes]
=
</ AN -0.10 —O 05 0.00 0.05

PC1(58.37%)

-Q.
7

FIGURE 5. Morphospace occupation of nine species of the Speothos—Chrysocyon clade. PC1 vs PC2 plot of cranial shape variation in ventral view,
with different colors representing different species and polygons (minimum convex hulls) used for species with multiple specimens included in the
sample. The dashed line represents the 95% confidence ellipse representing the covariance among S. venaticus specimens.

discontinuities are a common criterion to distinguish species
(Diersing & Wilson, 2017; Gaubert & Antunes, 2005; Machado
& Teta, 2020). Although, overall, the crania and dentition of
S. pacivorus and the bush dog are very akin, close inspection
shows that (a) the proportions, especially regarding the
rostrum and braincase, are different; and (b) the series of distinct
cranial characters used to distinguish both species—such as the
number of teeth, shape of tooth crown, and number of roots—
are not consistent with the intraspecific variation found within
our sample of the bush dog. Finally, postcranial elements also
show distinct characters, as listed by Berta (1984).

Among living canids, the bush dog has arguably the most
peculiar cranium in terms of proportion, resembling those of
mustelids (Vieira, 1948). Our geometric morphometrics analysis
showed that the shortening of the rostrum (the most extreme
within the sampled species) occurs together with hypercarniv-
ory-related dental adaptations (i.e., reduced number of molars
and the development of a carnassial tooth PM4), with shorter
rostra in individuals with a more hypercarnivorous dentition
(Fig. 5). Larger, hypercarnivorous Cerdocyonina also present a
shorter rostrum and, in the case of Protocyon troglodytes, also
a noticeably wide cranium, while S. pacivorus appears closer to
the bush dog as an intermediate condition between
P. troglodytes and S. venaticus. Because only a single specimen
of S. pacivorus with a complete cranium is known, it is difficult
to confirm its distribution in relation to the other included hyper-
carnivorous taxa. However, the results of our npMANCOVA
(see also Fig. S5) highlight that the difference between the
S. pacivorus and the S. venaticus specimens is greater than the

TABLE 1. Non-parametric MANCOVA table of species differences
with log(size) as a covariate. Abbreviations: Df, Degrees of freedom; F,
Fisher’s F; MS, Mean Squares; Pr(>F), P-value: proportion of the non-
parametric null- dlstrlbutlon that is as extreme or more than the
observed value; R?, Percentage of variation explained by a factor, after
accounting for the variation on other factors; SS, Sum of Squares; Z,
Effect size.

Df SS MS R? F Z  Pr(>F)
log(size) 1 246E+ 246E+ 0.038 2321 2081 0.019
00 00
Species 1 246E+ 246E+ 0037 2318 1.995 0.022
00 00
Residuals 57 6.05E + 1.06E + 0.922
01 00
Total 59  6.56E +
01

distances among S. venaticus, supporting the hypothesis of
them being distinct but closely related species.

Additionally, one of the proposed diagnoses of S. pacivorus is
its larger size. Allometric scaling led to significant morphological
differences in canids, with large individuals of a species being
sometimes misleadingly classified as different taxa (Machado &
Teta, 2020; Wayne, 1986). However, our npMANCOVA results
clearly showed that the specimen of S. pacivorus is not within
the expected shape of an oversized bush dog. Most bush dogs
analyzed have a similar age to Speothos pacivorus (Al; Table
S2), so its position in the morphospace cannot be interpreted
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FIGURE 6. Relationship between the shape regression scores (RegScore) and size (logSize) in Speothos (S. venaticus represented by orange dots and
the type specimen of S. pacivorus represented by the blue dot). Configurations represent shape changes associated with size differences on the ventral

view of the crania.

due to ontogenetic differences (i.e., a refutation to the interpret-
ation of the holotype of S. pacivorus as an abnormally large adult
bush dog). In light of these results and considering that Speothos
pacivorus and the bush dog are distinguished from each other by
discrete morphological characters, we endorse the ‘conventional
view’ of Speothos taxonomy, rejecting S. venaticus as a junior
synonym of S. pacivorus.

Speothos as Pleistocene Predators

Although morphologically distinct, the cranium of both
Speothos pacivorus and the bush dog present very similar biome-
chanical performances. Our results do not suggest different
hunting movements for capturing prey for each taxon. With
both Speothos species being slightly different in size and form,
and assuming a sympatric distribution for it in the Pleistocene
of Central Brazil, two main questions arose: (a) how such
similar taxa could coexist temporally and spatially; and (b) why
S. pacivorus became extinct but the bush dog did not. Different
ecological, dietary, and reproductive strategies of extant canids
can provide some insights into it.

Coexistence of canid species in modern ecosystems occurs with
similar sized but generalist species (Di Bitetti et al., 2009; Mac-
Donald et al., 2004; Novaro et al., 2004), species with different
sizes, or species with different diets and other ecological traits
as habitat use (Fowler et al., 2022; Kozlowski et al., 2008; Pet-
roelje et al., 2021). In the case of the Pleistocene Speothos, our
results suggest that both species were highly specialized

hypercarnivores, indicating a similar diet and, consequently, eco-
logical niche. In modern ecosystems, such examples do not
usually overlap in their distribution (Castelld, 2018) and, when
they do, such as in the case of the gray wolf (Canis lupus) and
the dhole (Cuon alpinus), they are antagonists and usually
avoid each other spatially at the microhabitat scale (Heptner &
Naumov, 1998, but see Ghaskadbi et al., 2021). Although some
canid communities show evidence of species displacement,
black-backed jackals (Lupulella mesomelas), side-striped
jackals (Lu. adusta), and African golden wolves (Canis lupaster),
three species of generalist feeders of similar sizes, coexist in
Kenya (Sillero-Zubiri, 2009). Could this be the case of Speothos
in the Brazilian Intertropical Region (BIR)? Comparing modern
and Pleistocene ecosystems, however, is not simple since the
faunal compositions are substantially different.

A factor that could allow the spatial coexistence of S. pacivorus
and bush dogs is a richer community of herbivorous mammals in
the Pleistocene. Modern bush dogs are pack-hunters that eat
small to medium-sized prey, especially caviomorphs and armadil-
los (Lima et al., 2009; Zuercher et al., 2005), also appearing to be
specialized in some prey in certain regions (e.g., armadillos in
Pantanal, Lima et al., 2009). Their robust skulls also allow the
bush dogs to occasionally hunt bigger prey (Ruiz et al., 2022),
such as brocket deer, peccaries, capybaras, and even tapirs (Bei-
siegel, 1999; Beisiegel & Zuercher, 2005; Wallace et al., 2002). In
the Pleistocene, the Lagoa Santa region supported a rich commu-
nity of herbivorous mammals, with at least 21 species of rodents,
xenarthrans, and ungulates registered to date (Cartelle, 2020).



Ruiz et al. — The Brazilian cave jackal, Speothos pacivorus (e2438827-11)

Speothos pacivorus

STAB
canine

STAB
carnassial

PULL-BACK
canine

PULL-BACK
carnassial

HEAD-SHAKE
canine

HEAD-SHAKE
carnassial

HEAD-TWIST
canine

HEAD TWIST
carnassial

AhLE
S ediedede

50

37.5

25

125

Mean von Mises (MPa)
[y
(=}
00

STAB STAB PB
0 canine carnassial

canine carnassial

Speothos venaticus

AXXXEX L

o @ I S. pacivorus

bl O I S. venaticus
—t
PB HS HS HT HT

canine carnassial canine carnassial
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S. venaticus, with reconstruction of the loads of each scenario illustrated on the right, and relation among the mean von Mises values per element
in the tested scenarios. Abbreviations: HS, head-shake; HT, head-twist; PB, pull-back.

Many of these species are larger relatives of known prey of
modern bush dogs, such as the armadillos Propraopus spp. and
the rodents Brasiliochoerus stenocephalus, Neochoerus sulcidens,
and, noteworthy, the large paca Cuniculus rucigeps (Cartelle,
2020).

Since the modern, slightly smaller Speothos hunts extensively
on modern pacas—also smaller than their extinct relatives—it
is reasonable to think that part of the diet of the larger

S. pacivorus was based on the larger, contemporaneous pacas.
The specific epithet of S. pacivorus means ‘paca eater,’ in allusion
to the large bed of bones of those rodents in the same caves
where the remains of S. pacivorus were found (Paula-Couto,
1979). The collector and describer of the species, Peter Lund,
attributed both S. pacivorus and Protocyon troglodytes as being
mainly responsible for the accumulation of paca carcasses in
these caves (Lund, 1839; Mouchard, 2019). The skull morphology
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of S. pacivorus, in addition, suggests it could have preyed on even
larger prey when hunting in packs, occasionally pursuing species
that could not be targeted by the smaller bush dogs, avoiding an
extensive overlap in dietary niche between both species.
Although there is no direct evidence of pack hunting in
S. pacivorus, it is a behavior also postulated for Theriodictis (Pre-
vosti & Palmgqvist, 2001) and known for bush dogs and extinct
Protocyon (Beisiegel & Zuercher, 2005; Dantas et al., 2022), as
well as non-Cerdocyonina extant hypercarnivorous canids such
as gray wolves, painted dogs, and dholes (Sillero-Zubiri, 2009).

By also presenting longer leg bones (Berta, 1984), S. pacivorus
could have had different hunting strategies that are not suggested
by its skull biomechanics. The short legs of the bush dog are one
of its most striking characters, and it was assumed to be an adap-
tation to facilitate its moving in narrow spaces (Beisiegel &
Zuercher, 2005; Kleiman, 1972), presumably allowing it to
pursue prey through thick vegetation. It could also be related
to digging behavior, since it is known to chase prey in their
burrows (Fleck & Voss, 2016; Lima et al., 2012), presenting
also wider forepaws with strong claws, characters that enable a
better digging performance (Lima et al., 2009). Shorter legs, in
contrast, did not allow bush dogs to maintain high speed for
long periods when compared with longer legged pack hunters
such as gray wolves and painted dogs (Ruiz et al., 2022). The
short legs of bush dogs, thus, can indicate a specialization to
prey capture in conditions better suited for smaller bodies (i.e.,
undercover and riparian thick vegetation, burrows) when com-
pared with the sympatric S. pacivorus and P. troglodytes.

The Pleistocene of the BIR had a community of land mammals
with comparatively more herbivores than modern ecosystems,
which could handle a more complex carnivore assembly as
well. Today, similarly rich faunal compositions in other parts of
the world accommodate more than one species of canid special-
ized in hypercarnivory. For example, there is an overlap in the
distribution of the dhole and the gray wolf in certain parts of
India, Nepal, Bhutan, and China (Boitani et al., 2023; Castelld,
2018; Kamler et al., 2015). In the Pleistocene, however, dholes
were far more widespread, having a distribution very similar to
that of the modern Eurasian wolf, with several records in
Europe (Petrucci et al., 2012; Ripoll et al., 2010). Paleoclimatic
range reconstructions indicate also its presence in the Levant,
where the dhole has coexisted and admixed with the very
similar painted dog (Rocha et al., 2022). Finally, its presence in
North America is attested by fossils found in Mexico, a region
with Pleistocene records not only for gray wolves and red
wolves (Canis rufus) but also for the larger Aenocyon dirus
(Bravo-Cuevas et al., 2018; Ceballos et al., 2010; Hodnett et al.,
2009) and the similar-sized P. troglodytes (although the temporal
and spatial coexistence with this species is unclear, see Schubert
et al., 2019).

Assuming that the extinction of different-sized hypercarnivore
predators can be directly related to the extinction of the mega-
herbivores after the Pleistocene (Berta, 1987, 1988), the same
reason could also explain why the smaller bush dog was the
only South-American hypercarnivorous canid to cross the Pleis-
tocene—Holocene boundary. There are no data to confirm how
exactly the process of extinction of megafauna has occurred in
the Lagoa Santa region, but a study conducted in the Brazilian
Pampas region showed that, after a major extinction event of
megaxenarthrans, smaller rodents and carnivorans became the
most abundant mammals in Holocene deposits (Lopes et al.,
2020). Modern large canids are usually associated with habitats
in which prey are at least abundant (e.g., Ethiopian wolves,
Canis simensis) and, more generally, abundant and large (e.g.,
painted dogs, gray wolves, Sillero-Zubiri, 2009). Considering
the size and hunting habits of Pleistocene Cerdocyonina, Berta
(1987) noted that larger, pack-hunting ‘wolflike’ forms (i.e., Pro-
tocyon, Theriodictis) became extinct along with the

megaherbivores, while smaller, ‘foxlike’ solitary hunters (i.e.,
Cerdocyon, Lycalopex), increased in diversity in the Pleisto-
cene—Holocene transition. The bush dog has a mixture of these
traits: it is a hypercarnivorous pack-hunter but with fox size,
and can deal with small prey, as observed today.

Hypercarnivory in canids is correlated to an increase of body
size and the specialization on large prey with, at least, half
their body weight (Van Valkenburgh, 2007), a trend observed
in both living and extinct lineages (Van Valkenburgh, 1991;
Van Valkenburgh et al., 2004). The bush dog is the only extant
small-sized hypercarnivorous canid, and it could be precisely
this trait that led to its survival through the Pleistocene-Holo-
cene boundary. Three of the four species of extant hypercarnivor-
ous canids are not only larger than their sister species, but also
the larger canids in their ecosystems (Castelld, 2018; Sillero-
Zubiri, 2009). The only exception is the small-bodied bush dog,
smaller than most sympatric, non-hypercarnivorous species (Cas-
telld, 2018; Chavéz et al., 2022; Sillero-Zubiri, 2009).

CONCLUSIONS

Although superficially similar, the skull of Speothos pacivorus
bears considerable differences when compared with that of the
bush dog, especially regarding the proportions of the rostrum
and braincase, the width of the cranium, the morphology of the
molars M1 and m2, and the presence of a well-developed M2,
which sums with differences in postcranial elements reported
before. Our quantitative data from the GMM gives further
support to the descriptive information, and we therefore argue
the ‘conventional view’ of S. pacivorus and S. venaticus as differ-
ent species.

Both species performed very similarly in all tested extrinsic
FEA scenarios, suggesting similar biting movements to capture
prey. The coexistence of these similarly specialized hypercarni-
vorous canids in both space and time could be explained by a
richer community of prey, already described to the Lagoa
Santa Karst. A better performance of the bush dog in hunting
smaller prey than S. pacivorus and other larger hypercarnivores
from the BIR might explain its survival through the Pleisto-
cene-Holocene boundary. This hypothesis could also clarify
one of the most remarkable characters of the bush dog: its
small size, unique among living hypercarnivorous canids.
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