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ABSTRACT—We report on a nearly complete cranium of Ekweeconfractus amorui gen. et sp. nov. (Hyaenodonta,
Teratodontinae), from the early Miocene of Moruorot, Kenya. The cranium is dorsoventrally compressed, but sufficiently
intact to allow for digital reconstruction of the neurocranium, resulting in a digital endocast that gives us a first glimpse
into teratodontine brain morphology. The virtual endocast is one of the most well preserved of any hyaenodont known to
date, with many of the cranial nerves and blood vessels identifiable. Endocasts are known from only a handful of
hyaenodont species and little work has been done on hyaenodont brains in recent decades. To better understand the
evolution of the brain in these animals, we place the endocast of E. amorui gen. et sp. nov., as well as several other
previously described endocasts, in the latest phylogenetic framework. This analysis suggests that the expansion of the
neocortex occurred convergently in several clades of Hyaenodonta. Our study provides a basis for future research on
brain evolution in Hyaenodonta.
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INTRODUCTION

The extinct order Hyaenodonta Van Valen, 1967, encompasses
a wide range of carnivorous mammals from Europe, Africa, Asia
and North America dating from the late Paleocene to the middle
Miocene. Hyaenodonta is currently placed in the Superorder
Ferae together with extant Carnivora and Pholidota (Flynn and
Wesley-Hunt, 2005; Friscia and Van Valkenburgh, 2010; Solé
et al., 2015a). The systematic affinities of Hyaenodonta are still
widely debated, however (e.g., Spaulding et al., 2009; Borths
et al., 2016), as are the phylogenetic relationships within the
order (e.g., Rana et al., 2015; Borths et al., 2016; Borths and
Stevens, 2019; Dubied et al., 2019).

Borths et al. (2016) used parsimony analysis, standard Bayesian
inference and Bayesian tip-dating on a large sample of hyaeno-
dont taxa in an attempt to resolve the phylogeny within the
order. The analyses in Borths et al. (2016) suggested that the over-
whelmingly African clade Teratodontinae is closely related to
Hyainailouridae, a clade that, in turn, includes Hyainailourinae
and Apterodontinae. These three subfamilies are united, together
with a number of more restricted taxonomic groupings, in Hyai-
nailouroidea, which includes the majority of the African hyaeno-
donts. Hyaenodontidae, which includes the subfamily
Hyaenodontinae and a number of other taxa, was consistently
placed separately from all Afro-Arabian taxa. Borths and
Seiffert (2017), Borths and Stevens (2017), and Dubied et al.
(2019) all used a modified version of the same matrix and added
taxa and characters. The phylogeny in Dubied et al. (2019)
unites Hyaenodontidae with Proviverrinae in Hyaenodontoidea.
The present study describes a new species of teratodontine,

Ekweeconfractus amorui gen. et sp. nov., based on a newly
found, crushed but nearly complete cranium from the early
Miocene of Kenya. The cranium of E. amorui, gen. et sp. nov.
was digitized using high resolution computed tomography scan-
ning. The lack of weathering and plastic deformation of the
cranium allowed for reconstruction of the neurocranium and cre-
ation of a digital cast of the cranial cavity. This endocast provides
the first evidence of teratodontine brain morphology, filling a
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large gap in our understanding of hyaenodont brain evolution.
For the first time, endocasts spanning all major hyaenodont sub-
families can be placed in a phylogenetic context, furthering our
understanding of the evolution of the brain in this group.

The study of the endocranium of fossil mammals originated
with Cuvier (1804), who commented on a natural endocast of
the brain of Palaeotherium, an Eocene relative of the horse.
Gervais (1870) appears to have been the first to publish an endo-
cast of a fossil carnivore and a few years later published several
more. Subsequent study of mammalian endocasts has been inter-
mittent, as summarized by Edinger (1975). Tilly Edinger is the
most important figure in the study of paleoneurology, with
many publications, including some on carnivores, such as a
study of the Miocene mustelid Pannonictis (Edinger, 1931). Pive-
teau (1935, 1951, 1961) also published on a range of early carni-
vore taxa, including some hyaenodonts. Nevertheless, the most
prominent student of the evolution of the carnivore brain was
L. B. Radinsky, whose publications (e.g., Radinsky, 1969, 1973,
1975, 1977, 1978) laid the foundation for all subsequent study
of the topic. Radinsky’s work mainly concerned extant species
of Carnivora, but he complemented this with natural endocasts
of fossil carnivores where available. Combining extant and
extinct taxa, Radinsky was able to draw some broad conclusions
regarding brain evolution in (primarily) Canidae and Felidae, but
also in early carnivores (Radinsky, 1969, 1973, 1975, 1977, 1978).
Radinsky (1977) compared a large number of endocasts of

early carnivores, including several hyaenodonts. He found that
over time brain size tended to increase relative to body size in
these animals, but he found no evidence for earlier assumptions
that the ancestors of extant carnivorans had larger brains than
contemporaneous, now extinct, carnivores like hyaenodonts
(Jerison, 1973). He also found that the relative size of the neo-
cortex increased through time in both hyaenodonts and early car-
nivoramorphs. Neocortical expansion is also seen in many other
groups of mammals and is a prime example of parallel evolution
(e.g., Radinsky, 1977, 1978; Kaas, 2016; López-Torres et al., 2020).

The neocortex is a mammalian feature that is histologically
different from the rest of the brain. It is delimited ventrally by
the sulcus rhinalis, which is generally visible on endocranial
casts. As the neocortex expands, it becomes more convoluted,
i.e., more sulci appear. Larger brains therefore tend to have
more convolutions and a greater volume of neocortical tissue rela-
tive to the total volume of the brain (e.g., Jerison, 1973; Finlay and
Darlington, 1995). What determines the shape of the sulci is not
fully understood, and there are several theories, including genetics
(Bartley et al., 1997) and mechanical factors related to the shape
and thickness of the cortex (Toro, 2012; Heuer and Toro, 2019).
In modern mammals, sulci have been shown to delimit different

functional areas of the cortex, which means that enlargement of a
certain gyrus may hint at a specific sensory specialization (e.g.,
Welker and Campos, 1963; Radinsky, 1968). Similar sulcal patterns
in distantly related taxa are, however, not necessarily homologous.
For example, Lyras (2009) showed that three subfamilies of canids
followed highly convergent paths of brain evolution, and that the
cruciate sulcus (Fig. 1) appeared as many as four times indepen-
dently within Canidae. Endocast morphology can, nevertheless,
provide phylogenetic information. Ahrens (2014) used geometric
morphometrics and principal component analysis of endocast
morphology in Procyonidae to test two differing phylogenetic
hypotheses, one based on morphology and one based on molecu-
lar data. She found a significant phylogenetic signal in brain shape
that supported the morphological phylogeny.

Although the carnivoran brain is relatively well researched,
the same cannot be said of those of hyaenodonts or basal car-
nivoramorphs, owing largely to the lack of suitable material.
Previous studies on hyaenodont endocrania are few and exclu-
sively based on physical casts (Gervais, 1870; Filhol, 1877;
Gaudry, 1878; Scott, 1888; Klinghardt, 1934; Piveteau, 1935,
1961; Savage, 1973; Radinsky, 1977; Lange-Badré, 1979; Save-
liev and Lavrov, 2001, 2007) with the exception of the recent
description of the endocast of Proviverra typica by Dubied
et al. (2019) which is based on digital reconstruction from a

FIGURE 1. Sulci of the brain of the domestic dog, in anterodorsolateral view. Neocortex highlighted in gray. Drawing based on the illustration of an
endocast in Lyras and Van der Geer (2003:fig. 1). Abbreviations: cer, cerebellum; OB, olfactory bulb.
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FIGURE 2. Photographs of the fossil holotype cranium, KNM-MO 64199, of Ekweeconfractus amorui gen. et sp. nov., in A, dorsal, B, ventral and C,
left lateral view. A and B are reversed so that the snout faces to the left, for consistency with other figures.
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computed tomography (CT) scan. In the present study, the
digital endocast of Ekweeconfractus amorui gen. et sp. nov.,
as well as several hyaenodont endocasts previously described,
are placed in the latest phylogenetic framework in order to
better understand the evolution of the brain in the different
hyaenodont lineages.

GEOLOGICAL SETTING

The described specimen, KNM-MO 64199, consists of a nearly
complete cranium (Fig. 2) from the early Miocene site Moruorot
in Kenya. It was discovered in 2016 during excavations by the
West Turkana Miocene Project. Moruorot lies within the Lothi-
dok Formation west of Lake Turkana in northern Kenya (for
detailed geological description, maps and stratigraphic sequence,
see Arambourg, 1944; Boschetto et al., 1992) and is divided into
two localities, Moruorot South and Moruorot North, located on
the flanks of Moruorot Hill. The exposures include both the
lower portion of the Kalodirr Member (the Kalodirr Tuffs),
and the upper strata of the Moruorot Member. The new
cranium was found at Moruorot South, in strata believed to fall
within the lowest portion of the Kalodirr Member, near or inter-
calated among the Kalodirr Tuffs. There is at least one tuff
exposed down-section from the excavation, and no tuffs are
described in the Moruorot Member (Boschetto et al., 1992).
The Kalodirr Tuffs are dated by a number of amphibole and
biotite samples ranging from 17.3 ± 0.3 Ma to 17.7 ± 0.03 Ma,
with a mean of 17.5 Ma (Boschetto et al., 1992). The age of the
specimen is best regarded as within this range as well.

Despite the sitebeingdiscovered in the1930s (Arambourg, 1933),
little work was done at Moruorot until the 1980s (Leakey et al.,
2011). It is now one of the main sites being studied by the West
Turkana Miocene Project (e.g., Rossie et al., 2012; Rossie and
Cote, 2017). To date the site has yielded a wide variety of skeletal
remains of mammals, including among others Prodeinotherium,
Cynelos,Afrosmilus, Ekweeconfractus amorui gen. et sp. nov. (dis-
cussed herein),Paraphiomys,Turkanatherium, and a large number
of artiodactyls including Canthumeryx, Sivameryx, Kenyasus, and
Diamantohyus. The faunal list resembles other early Miocene
sites in the region, but the artiodactyls most closely resemble
those from the Hiwegi Formation at Rusinga Island (Drake et al.,
1988; Cote et al., 2018). Notably, the three ape species found at
Moruorot are endemic to the Turkana Basin. For a full faunal list,
see Leakey et al. (2011).

The cranium of E. amorui gen. et sp. nov. was found in a fine-
grained bed, associated with a skeleton of the primate Simiolus,
as well as two currently unidentified carnivorans, a snake, and
fragments of several smaller mammals. The fossils lay close to
the top of a large overbank deposit, which was exposed for a
long time, likely millennia, before being covered by another
such deposit. The ape, snake, carnivorans, and E. amorui gen.
et sp. nov. all share the same remarkably unweathered state of
preservation. These are interspersed with remains of other taxa
that are less complete and more weathered. The latter may
have been exposed for a longer period of time on the same
surface as the well-preserved specimens, or they may have orig-
inally been deposited in the older underlying paleosol and rede-
posited in the higher paleosol by bioturbation.

MATERIALS AND METHODS

Digital Reconstruction

The specimen was scanned using a Nikon Metrology XTH 225/
320 LC dual source industrial computed tomography scanner at
the Evolutionary Studies Institute, University of the Witwaters-
rand, South Africa. The scan parameters were 80 kV and 130
μA, and the voxel size was 0.0667 mm. The contrast between

bone and sediment was good (Fig. 3), but because of the varying
density of the bone and of the large number of high-density crys-
tals in the sediment, the contrast was insufficient for automatic
segmentation. The bone was therefore segmented out manually
in Avizo 9.5.0 (ThermoFisher Scientific, Waltham, Massachusetts,
U.S.A.). A preliminary reassembly (see Supplemental Data 1) was
performed in Avizo to determine which bone fragments were
identifiable and of use in the reconstruction. Those bone frag-
ments that were identifiable were exported and reassembled in
Blender 2.79b (blender.org). There was no plastic deformation
of the bone. The medial and left parts of the cranium were recon-
structed using both fragments from those sides and mirrored frag-
ments from the right side in order to make it as complete as
possible. The composite left side was then mirrored, and the mir-
rored part fitted against the medial parts of the cranium in order to
make it complete. The cranial cavity of the reconstructed neuro-
cranium was then segmented in Avizo. Due to the amount of
missing bone, the cranial cavity had to be manually segmented.
Where bone was missing, segmentation followed the curvature
of the surrounding bone; these areas are shown in darker gray
herein. More details about the reconstruction process, including
fragment maps before and after reconstruction, are presented in
Supplemental Data 1 and Figures S1, S2. The dorsal-most and
rostral-most parts of the neurocranium were too fragmented and
could not be reconstructed. On the endocast, these areas corre-
spond to the dorsal part of the cerebellum, the fissura longitudina-
lis cerebri, the rostral-most part of the cerebrum and the olfactory
bulbs. The majority of the cranial cavity could be reconstructed
with confidence, with only narrow strips of missing bone in a
few places. On the endocast, the major cerebral sulci are visible
as well as the passages of the major nerves and blood vessels on
the ventral side of the brain. The greatest degree of uncertainty
is in the rostral part where the bone was more damaged and not
all fragments fit together well. This is unlikely to affect the
interpretation of the endocast significantly but may have slightly
altered the general shape of the rostral-most cerebrum. The
interpretation of the sulcal pattern should not be affected
because all the sulci are preserved on bone fragments that fit
well against several other fragments. Additionally, all sulci
except the sulcus ectosylvius are preserved on bone fragments
from both the left and right side of the cranium (see Supplemental
Data 1, Fig. S2).

Raw scan data and 3D surface renderings of the endocast and
neurocranium are available onMorphoSource through the follow-
ing DOIs: CT image stack, https://doi.org/10.17602/M2/M166152;
segmented neurocranium, https://doi.org/10.17602/M2/M166153;
reconstructed neurocranium, https://doi.org/10.17602/M2/
M166154; endocast, https://doi.org/10.17602/M2/M166155.

Measurements such as length, width, and height of the endo-
cast were taken in Avizo. Because the olfactory bulbs could not
be reconstructed, the total length of the endocast is that of
only the cerebrum and cerebellum. The area of the neocortex
could not be measured because only small sections of the
sulcus rhinalis lateralis, which forms part of the boundary of
the neocortex, were preserved.

The volume of the endocast was calculated in Avizo using the
‘Label analysis’ tool. This gave the volume in number of voxels,
which, using the voxel size, was converted into milliliters (ml).
Because the endocast is missing the olfactory bulbs and dorsal cer-
ebellum, the volume is lower than the true brain volume. Known
olfactory bulb sizes of Hyaenodon horridus and Cynohyaenodon
cayluxi (Jerison, 1973) were used to estimate the volume of the
missing olfactory bulbs in E. amorui gen. et sp. nov.

Body Mass Estimation

Because body mass regressions for Hyaenodonta and Carni-
vora are based on lower molar length, and the lower dentition
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of Ekweeconfractus amorui gen. et sp. nov. is not known, we used
P4–M1 ‘upper occlusion length’ (measured in Avizo) to estimate
the length of m1 (Borths and Stevens, 2017:s1 appendix). The
length of this tooth was then used to estimate body mass using
the regression for carnivorans of 10–100 kg by Van Valkenburgh
(1990). Body masses of Megistotherium osteothlastes, Pterodon
dasyuroides, Apterodon macrognathus, Tritemnodon agilis,
Hyaenodon horridus, H. crucians, Cynohyaenodon cayluxi,
Thinocyon velox and Vulpavus palustris were taken from
Radinsky (1977). Radinsky (1977) estimated the body masses
of H. horridus, H. crucians and T. agilis based on body length
and the body mass of the other taxa based on skull length. The
body mass of Proviverra typica was estimated by Dubied et al.
(2019) using average lower molar length (Morlo, 1999) of
another individual of the same species. The body mass of
Paroxyaena pavlovi is thought to be similar to that of P. galliae
based on M1 size (Solé et al., 2015b). The body mass of
H. brachyrhynchus is not currently known.

Encephalization Quotient

Because larger animals tend to have relatively smaller brains
than smaller animals, comparing the brain to body ratio is
usually not very informative. To better compare the relative

brain sizes in different animals Jerison (1973) developed the
encephalization quotient (EQ) which is the ratio of observed
brain size to expected brain size in an animal of the observed
body mass. This equation is: EQ =E / 0.12P2/3, with E being the
brain volume in ml and P the body mass in grams. Eisenberg
(1981) composed a slightly different formula: EQ =E /
0.055P0.74 (for all Mammalia). For comparative purposes both
equations were used to calculate the EQ values of all species in
this study for which endocast volume and body mass could be
estimated. Where body masses were given in ranges in previous
studies (e.g., Radinsky, 1977), both the minimum and maximum
body mass was used to calculate a corresponding range of EQ
values. Values mentioned in the text are those obtained using Jer-
ison’s equation unless otherwise specified, because this equation
is used in previous studies on carnivore endocasts (e.g., Radinsky,
1977, 1978), allowing for easier comparison.

Comparison of Hyaenodont Endocasts

Radinsky (1977) compared a large number of endocasts of early
carnivores, including several hyaenodonts and carnivoramorphs.
He did not, however, look more closely at brain evolution within
Hyaenodonta from a phylogenetic perspective. In this study, the
hyaenodont endocasts previously described by Radinsky (1977)

FIGURE 3. Cross-section of the scanned cranium KNM-MO 64199 of Ekweeconfractus amorui gen. et sp. nov. illustrating the bone to sediment con-
trast. The position of the cross-section on the cranium is indicated by a white line at the bottom of the figure, in ventral (left), dorsal (middle) and
lateral (right) view.
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and others (Lange-Badré, 1979; Saveliev andLavrov, 2007;Dubied
et al., 2019) are placed in the latest phylogenetic framework
(Borths et al., 2016; Borths and Stevens, 2019; Dubied et al.,
2019) together with the endocast of Ekweeconfractus amorui gen.
et sp. nov. reconstructed herein, in order to better understand the
evolution of the brain in this group of animals and to provide a
basis for future studies.

Comparative 3D surface renderings of several of these pre-
viously described endocasts were generously provided by
George A. Lyras, National and Kapodistrian University of
Athens, Greece. These included the hyaenodontsMegistotherium
osteothlastes (NHMUK-M26515), Pterodon dasyuroides
(MNHN, no number given; Piveteau, 1961), Thinocyon velox
(FMNH PM 57146, cast of AMNH 12631), and Hyaenodon
crucians (FMNH PM 58859), and the carnivoramorph Vulpavus
palustris (FMNH PM 57174, cast of AMNH 19000). These
models were created through laser scanning of the physical endo-
casts with a NextEnginge scanner (Santa Monica, California,
U.S.A.).Models of the endocasts ofProviverra typica are available
online (see Dubied et al., 2019). Our interpretations of these
specimens and those of previous authors are compared in the
Discussion.

Abbreviations, Repositories—AMNH, American Museum of
Natural History, New York, U.S.A.; FMNH, Field Museum of
Natural History, Chicago, U.S.A.; KNM, National Museums of
Kenya, Nairobi, Kenya; MNHN, Muséum national d’Histoire
naturelle, Paris, France;NHMUK, Natural HistoryMuseum (for-
merly BM[NH], British Museum [Natural History]), London,
U.K.

Abbreviations, Measurements—L, length; W, width; Wa;
anterior width including protocone; Wbl, blade width at mesial
part of metastyle.

Terminology—Terminology for brain anatomy will follow the
Nomina Anatomica Veterinaria (World Association of Veterin-
ary Anatomists, 2017) for Carnivora.

SYSTEMATIC PALEONTOLOGY

Order HYAENODONTAVan Valen, 1967
Superfamily HYAINAILOUROIDEA Pilgrim, 1932 sensu
Solé, Amson, Borths, Vidalenc, Morlo, and Bastl, 2015b

Family TERATODONTIDAE Savage, 1965
Subfamily TERATODONTINAE Savage, 1965 sensu

Borths and Stevens, 2019
EKWEECONFRACTUS AMORUI gen. et sp. nov.

Holotype—A cranium with left P1–M2, right P3–M3, KNM-
MO 64199 (Figs. 2, 4).

Hypodigm—Holotype only.
Etymology—From Turkana ‘ekwee’, fox or jackal; Latin

‘confractus’, broken, and Turkana ‘amoru’, stone.
Occurrence—Moruorot South only.
Diagnosis—Teratodontinae of moderate size; paracone and

metacone nearly indistinguishable on P4–M2; Cheek teeth
increasing in size from P4 to M2; M1–M2 slender with
elongated protocone neck and protocone set far mesial to
parastyle; mesial face of P4–M2 concave; metastyle on M1–
M2 long.

Description—The specimen is a complete but crushed
cranium, lacking only parts of the premaxillae, part of the left
zygomatic arch, with other minor fragments missing. The incisors
and canines are missing, as are the right P1–2, right P3 (mesial
end), and left M3, but the remaining cheek dentition is present
and well preserved. The deformation has made it impossible to
identify the cranial sutures with any certainty. The deformation
is most severe anteriorly and across the nasals where much of
the bone has been reduced to small fragments. The braincase,
however, is largely intact and its bones, although separated,

retain their three-dimensional shape with, as seen from CT
scans, minimal distortion. Deformation is less severe on the
ventral side due to it being relatively flat, such that large parts
of the basioccipital and basisphenoid are relatively intact, as
well as the temporal contribution to the zygomatic arch. The
basicranium is also distorted and jumbled, but it can be observed
that the basisphenoid is smooth and slightly vaulted and that the
basioccipital has a central ridge.

The preserved cheek teeth are nearly undamaged (except for
the right P3, as noted). There is some distortion of the tooth
rows, such that the left side is seen in ventral (occlusal) view
and the right side is seen in buccal view. The P4–M1 show
some wear on the paracone/metacones and protocones but it is
clear that the specimen was young because the M2 on either
side is nearly unworn, although there is some damage to the
right side protocone.

The description of the teeth will focus on the left side except as
noted. The P1 is worn down to a small fragment but appears to
have been two-rooted. The P2 is nearly symmetric in lateral
view, with a straight mesial border and slightly concave distal
one. The mesial end has a small mesiolingual protrusion
whereas the distal end has a small cingulum. The P3 is very
similar to P2 but is stouter and has a small distal accessory
cusp and weak mesial and distal cingula. The P4 is a larger,
stouter tooth than P2–3. It has a low parastyle with only a
small mesial bump indicating a cusp. The protocone is well devel-
oped but low. The cusp apex is situated between the mesial end of
the parastyle and the apex of the paracone/metacone. The latter
two cusps are close and would not be distinguishable as two
except for the small, ca. 1.5 mm long, groove on the buccal side
where the fusion has not been complete (Fig. 4). The paracone
is slightly the taller of the two cusps. The metastyle is short and
low.

The M1 is slender. It has a very short parastyle with a small
cusp at the mesial end. The protocone is large and stout and
extends well mesial to the parastyle, reaching the level of the
P4 paracone/metacone. It is nearly equally wide throughout its
length. The paracone/metacone is large and tall. Due to wear
the distinction between paracone and metacone cannot clearly
be seen in occlusal view. In buccal view it can be seen that the
two cusps are fused throughout their length but there is a
groove on the buccal side that extends from the apex to the
basal swelling of the tooth, i.e., fusion is less complete in this
tooth than in P4. The metastyle is short but trenchant with a
small lingual wear facet.

FIGURE 4. Photographs of the left upper dentition of KNM-MO 64199,
Ekweeconfractus amorui gen. et sp. nov., in occlusal (A) and buccal view
(B). The top image is reversed so that the snout faces to the left, for con-
sistency with other figures.
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The M2 is similar in general outline to the M1 but is larger.
There is almost no parastyle and the paracone reaches nearly
to the mesiobuccal corner of the tooth. The protocone is large
and, like that of the M1, reaches to the level of the paracone/
metacone of the tooth in front. There is a distinct neck leading
to a wide and tall protocone cusp. The paracone and metacone
are fused in this tooth as well, and like in M1 the buccal
groove reaches to the basal swelling of the tooth. The metastyle
is long and trenchant.
The M3 is a mesiodistally short but buccolingually wide tooth,

nearly as wide as the distance from the M2 paracone to the distal
end of that tooth. Its cusp pattern is unclear but it cannot be
determined if this is because of wear or breakage.
Measurements: LP2 10.0; WP2 4.5; LP3 10.8; WP3 5.6; LP4

10.6; WaP4 8.2; WblP4 5.0; LM1 12.4; WaM1 10.3; WblM1 6.2;
LM2 15.7; WaM2 14.8; WblM2 7.0.
Phylogenetic Position of Ekweeconfractus amorui—The phy-

logeny of Hyaenodonta has been the subject of a series of studies
in the past decade (Solé et al., 2014; Solé et al., 2015b; Borths
et al., 2016; Borths and Seiffert, 2017; Borths and Stevens,
2017, 2019; Dubied et al., 2019). Our object herein has not
been to establish a new phylogeny and, in view of the cited
ongoing work, we have not attempted an independent assess-
ment of hyaenodont phylogeny. Instead, we have used the data
matrix and phylogeny from Borths and Stevens (2017:s3
Dataset and s1 tree), coded E. amorui gen. et sp. nov. for the
available characters (see Supplemental Data 2), and placed it
in the most parsimonious position using the pre-existing phylo-
geny as a constraint. This was done in TNT (Goloboff et al.,
2008) and then checked manually in Mesquite 3.6 1(Maddison
andMaddison, 2019). This resulted in a single most parsimonious
position for E. amorui gen. et sp. nov. at Node T49 in Borths and
Stevens (2017), more derived than Pakakali and less derived than
Glibzegdouia (see Figs. 5 and S3). The precision of this position
in the phylogeny may be questioned, but of importance here is
that E. amorui gen. et sp. nov. by this account represents a tera-
todontine and it will be discussed as such below.
Differential Diagnosis—This differential diagnosis is based on

the phylogenetic position ofE. amorui gen. et sp. nov. established
above and the new species is therefore compared with taxa
within Teratodontinae that are represented by cranial and/or
upper dentition material. The relevant genera are therefore

Indohyaenodon, Anasinopa, Brychotherium, Dissopsalis,
Furodon, Glibzegdouia, Masrasector, Teratodon, and Pakakali
(Savage, 1965; Simons and Gingerich, 1974; Crochet et al.,
1990; Crochet et al., 2001; Bajpai et al., 2009; Solé et al., 2014;
Borths et al., 2016; Borths and Seiffert 2017; Borths and
Stevens 2017). Of these genera, Furodon, Glibzegdouia, and
Indohyaenodon are early Eocene in age, Brychotherium is late
Eocene, Masrasector late Eocene to early Oligocene, Pakakali
late Oligocene, Teratodon early Miocene, and Anasinopa and
Dissopsalis early to middle Miocene.
Anasinopa leakeyi and Dissopsalis pyroclasticus are similar to

each other in many respects, although D. pyroclasticus is the
larger of the two, and they can be treated together. In general
proportions and size E. amorui gen. et sp. nov. is closely similar
to A. leakeyi, whereas D. pyroclasticus is somewhat larger and
also interpreted to be somewhat more hypercarnivorous. In
detailed molar morphology there is one character that clearly
sets E. amorui gen. et sp. nov. apart from both A. leakeyi and
D. pyroclasticus. The M1 and M2 of both of the latter taxa
have the paracone and metacone set well apart, with the para-
cone close to the mesiolingual end of the tooth. In E. amorui
gen. et sp. nov., on the other hand, the paracone and metacone
are completely fused in both M1 and M2 from crown to root
(Fig. 4). The relative position of these cusps has been shown to
be an important character in hyaenodont evolution (Borths
and Seiffert, 2017) and the difference between the taxa under
scrutiny here differentiates E. amorui gen. et sp. nov. from
both A. leakeyi and D. pyroclasticus.
Ekweeconfractus amorui gen. et sp. nov. can be differentiated

from Brychotherium ephalmos on the basis of the larger size of
the former. Other dental characters differentiating the two
include the less fused M1–M2 paracone and metacone of
Brychotherium and the less anteriorly extended protocones of
those teeth (Borths et al., 2016). Further, the P4 ofBrychotherium
is a nearly equilateral triangle with an almost straight mesial
margin, whereas the P4 of E. amorui gen. et sp. nov. is longer
than wide and has a mesial margin that is deeply excavated.
Furodon crocheti is known from several lower dentition speci-

mens, but the upper dentition is represented by only two M1s
(Solé et al., 2014). These can be differentiated from the M1 of
E. amorui gen. et sp. nov. on the basis of their partly fused but
well differentiated paracone and metacone that are set at an

FIGURE 5. Extract of part of the phylogeny of Hyaenodonta fromBorths and Stevens (2017) withEkweeconfractus amorui gen. et sp. nov. in the most
parsimonious position and the rest of the tree topology constrained. Full tree shown in Figure S3.
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angle of more than 45° to the buccal margin of the tooth. In
E. amorui gen et sp. nov. the metacone and protocone apices
are nearly indistinguishable, but are set at a much smaller
angle to the buccal margin.

Glibzegdouia tabelbalaensis is differentiated from E. amorui
gen. et sp. nov. by smaller size and by the paracone and metacone
of M2 being entirely separate (Solé et al., 2014).

Masrasector spp. differ from E. amorui gen. et sp. nov. in the
same characteristics as Glibzegdouia, but also (at least
M. nananubis) in the proportions of P4–M2, which inMasrasector
are nearly aswide as they are long,whereas inE. amorui gen. et sp.
nov. they are mesiodistally elongated.

Ekweeconfractus amorui gen. et sp. nov. can be differentiated
from Teratodon spekei on the basis of the very short and wide
P4–M2 of the latter, as well as its clearly differentiated M2 para-
cone and protocone, P4 larger than M1, and specialized
premolars.

Indohyaenodon raoi differs from E. amorui gen. et sp. nov. in
size. The M2 of I. raoi is significantly less than half the length of
that of E. amorui gen. et sp. nov. It also differs in the morphology
of the tooth row. In I. raoi P4–M2 are very similar in length,
whereas in E. amorui gen. et sp. nov. there is a gradual increase
in length from P4 to M2. In addition, the paracone and metacone

of I. raoi are more separated from each other than they are in
E. amorui gen. et sp. nov.

Pakakali rukwaensis is known only from a juvenile maxillary
fragment, and therefore there is no overlapping morphology to
compare. We differentiate P. rukwaensis from E. amorui gen.
et sp. nov. on the basis of size. Borths and Stevens (2017) calcu-
lated the m1 length of P. rukwaensis to be 8.3 mm. Our calcu-
lations of m1 length in E. amorui gen. et sp. nov. are given
below as ca. 12 mm. This translates to a body mass for
P. rukwaensis of approximately half that of E. amorui gen. et
sp. nov. and this seems to be an excessive size difference even
taking into account the sample size of N = 1 for both taxa.

RESULTS

Description of the Endocast

The cerebrum of Ekweeconfractus amorui, gen. et sp. nov.
(Figs. 6, 7) is drop shaped in dorsal view with its widest point
near the caudal end, above the piriform lobe. It is highest
above the piriform lobe and tapers rostrally. The maximum
width and height of the cerebrum are 38.3 mm and 31.3 mm
respectively. The length of the endocast from the caudal end of

FIGURE 6. Digital reconstruction of the neurocranium of KNM-MO 64199, Ekweeconfractus amorui gen. et sp. nov., in A, ventral, B, dorsal, C,
lateral, and D, anterodorsolateral view, with the cranium semi-transparent and the endocast shown within it. The apparent heart-shape of the
dorsal part of the occiput is a result of mirroring of a broken bone fragment, where the dorsal-most part of the occiput is missing.
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the cerebellum to the anterior end of the endocast (i.e., the
rostral end of the cerebrum) is 68.6 mm. The lengths of the cere-
brum and cerebellum are 45.5 mm and 23.1 mm respectively. The
maximum width of the cerebellum is 28.5 mm, but the height is
unclear because the dorsal-most part could not be reconstructed
(Figs. 6, 7).
The ventral-most sulcus on the cerebrum is very faint, and

partly obstructed by artifacts caused by the fragmented bone.
Only the caudal-most and rostral-most parts of the sulcus are
preserved; yet it is clearly a sulcus because it is not aligned
with the edges of any bone fragments and is visible on the
inside of the corresponding bone fragments on both the left
and right side of the cranium (a comparison between the sulcal
pattern on the endocast and on the bone fragments of the recon-
structed cranium is available in Supplemental Data 1 and
Fig. S2). This sulcus is positioned far ventrally on the cerebrum
and appears to extend to the rostrodorsal end of the endocast
(Fig. 7). This suggests that it is the sulcus rhinalis lateralis.
Because the dorsal midline and rostral-most section of the endo-
cast could not be reconstructed, the rostrocaudal expansion of
the neocortex and the morphology of the olfactory bulbs
remain unknown.

The second most ventral sulcus is faint, and difficult to discern
in a still image, yet is clearly visible on the endocast in lateral
view when shifting it up and down. It is visible on the inside of
the large bone fragment from the left side of the cranium (see
Supplemental Data 1, Fig. S2) that has also preserved the two
additional sulci described below, but not on any fragment from
the right side. This sulcus has its caudal section near the widest
point of the cerebrum and is not visible in dorsal or ventral
view. It is straight in lateral view and points rostrodorsally, so
that it is nearly parallel with the sulcus rhinalis. The position of
this sulcus corresponds most closely to the sulcus ectosylvius of
carnivorans.
There is a very prominent neocortical sulcus (Fig. 7A, B, D, E)

parallel to the sulcus ectosylvius, which is similar to the sulcus
suprasylvius in carnivorans. This sulcus extends from near the
caudal end of the cerebrum and curves medially to reach the
fissura longitudinalis cerebri. More dorsally, there is a smaller
sulcus (Fig. 7A, B, D, E) which is similar in position to the
sulcus marginalis of carnivorans. This sulcus consists of two dis-
tinct dimples with a shallow furrow between them that continues
caudal to the dimples. In dorsal aspect, both sulci appear to curve
medially along their full length. Both of these sulci are preserved

FIGURE 7. Digital endocast of Ekweeconfractus amorui gen. et sp. nov. (KNM-MO 64199), in A, D, dorsal, B, E, lateral and C, F, ventral view. D–F
are drawings highlighting the major features. The areas shown in darker gray indicate where bone surrounding the endocast was missing. Abbrevi-
ations: ama, accessory meningeal artery; lpn, lesser petrosal nerve; pl, piriform lobe; S, sulcus; S. rlpc, sulcus rhinalis lateralis pars caudalis; S. rlpr,
sulcus rhinalis lateralis pars rostralis; II–VIII refer to cranial nerves.
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on bone fragments of both left and right sides of the cranium (see
Supplemental Data 1, Fig. S2).

The cerebellum is square and noticeably narrower than the
cerebrum, with relatively small hemispheres (Fig. 7A, D). The
dorsal region, including the vermis, could not be reconstructed,
and the degree of midbrain exposure is unclear.

Casts of the passages of several of the cranial nerves and blood
vessels are preserved on the ventral side of the endocast (Fig. 7C,
F). At the rostral end of the cerebellum there are two small
lateral extensions which are here interpreted to be for the vesti-
bulocochlear nerve or cranial nerve (CN) VIII, as well as the
facial nerve (CN VII). Rostral to this is the cast of the foramen
ovale, which houses the mandibular nerve (CN V3), accessory
meningeal artery, and lesser petrosal nerve. The maxillary
nerve (CN V2) lies along the ventral border of the piriform
lobe. Medial and parallel to this is the cast of the fissura orbitalis,
which houses the oculomotor nerve (CN III), trochlear nerve
(CN IV), ophthalmic nerve (CN V1), abducens nerve (CN VI),
and ophthalmic vein. Next to this, along the midline of the
ventral side of the brain, lies the optic nerve (CN II) as indicated
by the cast of the canalis opticus. The region of the hypophysis is
not preserved.

Body Mass and Encephalization Quotient

The body mass of E. amorui gen. et sp. nov. was estimated
based on P4–M1 ‘upper occlusion length’ which was measured
at 11.67 mm on the left side and 11.54 mm on the right side.
This corresponds to a first lower molar length of 12.11 mm and
11.98 mm, respectively (Borths and Stevens, 2017:appendix s1).
This in turn leads to an estimated body mass of 15.6–15.8 kg
for E. amorui gen. et sp. nov. As pointed out by Borths and
Stevens (2017:appendix s1), the use of m1 length in body mass
estimates for Hyaenodonta is likely to produce slight
underestimates.

The endocast volume was measured at 37.6 ml. The olfactory
bulb sizes of Hyaenodon horridus and Cynohyaenodon cayluxi
(Jerison, 1973) suggest that the olfactory bulbs make up 6.0–
8.2% of the total brain volume in hyaenodonts. Assuming a
similar relative olfactory bulb size in E. amorui gen. et sp. nov.,
the volume the endocast plus olfactory bulbs would be 40.0–
41.0 ml. This value is likely still a slight underestimate,
however, because of the missing parts of the dorsal cerebellum.
With an estimated body mass of 15.6–15.8 kg, that gives
E. amorui gen. et sp. nov. an EQ of 0.53–0.55 or 0.57–0.59
using the Jerison (1973) and Eisenberg (1981) equation, respect-
ively. The EQ values based on the endocast volume without
olfactory bulbs are 0.50 and 0.53–0.54 respectively.

Comparison with Other Hyaenodonta

The elongated brain with a drop-shaped cerebrum observed in
E. amorui gen. et sp. nov. is typical of known hyaenodont endo-
casts. In comparison with previously described hyaenodont endo-
casts, E. amorui gen. et sp. nov. appears to show a high degree of
neocortical expansion. This is indicated by the relatively low pos-
ition of the sulcus rhinalis, compared with many other hyaeno-
donts, such as Tritemnodon agilis, Thinocyon velox, Hyaenodon
crucians, and Pterodon dasyuroides (Radinsky, 1977). The pos-
ition of the sulcus rhinalis in E. amorui gen. et sp. nov. is more
similar to that of Megistotherium osteothlastes (Radinsky, 1977)
and Paroxyaena pavlovi (Saveliev and Lavrov, 2007). The gyrifi-
cation of the neocortex in E. amorui gen. et sp. nov. is also fairly
derived, as indicated by the presence of the sulcus suprasylvius
and the sulcus ectosylvius, which are not present in, e.g.,
T. agilis and T. velox (Radinsky, 1977). Ekweeconfractus
amorui gen. et sp. nov. is unusual, however, in its relatively
narrow cerebellum, compared to the cerebrum, which is

markedly wider. In some hyaenodonts, such as T. agilis and
M. osteothlastes, the cerebellum is wider than the cerebrum
(Radinsky, 1977), and in many others the two are of approxi-
mately equal width. The cerebellum of Proviverra typica is
slightly narrower than the cerebrum (Dubied et al., 2019), but
not to the extent seen in E. amorui gen. et sp. nov. The greater
relative width of the cerebrum in E. amorui gen. et sp. nov. is
not likely to have been caused by the reconstruction process.
The fragments from the left side of the cranium which delimit
the lateral parts of the endocast, fit well together and largely
overlap with corresponding mirrored fragments from the right
side.

The casts of the passages of nerves and veins on the ventral
side of the endocast of E. amorui gen. et sp. nov. represent the
typical mammalian condition and are similar to those of other
hyaenodonts. In the endocasts of E. amorui gen. et sp. nov. and
the other hyainailouroideans studied, P. dasyuroides and
M. osteothlastes, the foramen rotundum (CN V2) appears rela-
tively well separated from the fissura orbitalis (CN III, IV, V1
and VI) so that the former is positioned caudal to the latter.
By comparison, in P. typica (Dubied et al., 2019), C. cayluxi
(Lange-Badré, 1979) and H. brachyrhynchus (Lange-Badré,
1979), these passages appear to exit close together or even to
be fused. The ventral side of the endocast of P. pavlovi is not
exposed (Saveliev and Lavrov, 2007), but Lavrov (2007) noted
the fusion of the fissura orbitalis and the foramen rotundum
when describing the cranium.

The EQ appears relatively constant within Hyaenodonta, with
an average of 0.57 (standard deviation 0.15). The only species to
fall above the range of one standard deviation from the average
are H. crucians and H. horridus with EQs of 0.88 and 0.78,
respectively. P. typica, with an estimated EQ of 0.38, falls more
than one standard deviation below the average, though as clari-
fied below, the EQ of this species is underestimated due to the
incompleteness of the endocast. The EQ of 0.53–0.55 for
E. amorui gen. et sp. nov. is in the lower range of EQ values
for hyaenodonts, yet not far from the average (Table 1) consider-
ing that the value is thought to be underestimated.

DISCUSSION

Conflicting Interpretations in the Literature on Hyaenodont
Endocasts

An endocast of Proviverra typica was recently described by
Dubied et al. (2019). They described a damaged cranium
broken into two parts and provided digital casts of the endocra-
nial space of each part. The caudal part of the endocast rep-
resents the cerebellum and most of the cerebrum, while the
rostral part represents the olfactory bulbs and turbinals. A
small part of the brain, connecting the cerebrum to the olfactory
bulbs, is missing in their specimen. They calculated a volume of
13.45 ml for the caudal part of the endocast and the olfactory
bulbs, a volume that would be extraordinarily large for an
animal of that size and geological age. Additionally, given the
length and width of the endocast listed in the text (measurements
which agree well with the figures), the endocast would have had
to be several times higher than wide to reach that volume. To
provide an alternative volume estimate for the endocast, we
used the method of graphic double integration (Jerison, 1969,
1973), measuring the width and height at each millimeter along
the length of the endocast from their figure (Dubied et al.,
2019:fig. 4) in dorsal and lateral view respectively. The volume
of the caudal part of the endocast and that of the olfactory
bulbs were calculated separately and then added together, pro-
viding a total volume of 2.91 ml. This method has proven to be
very accurate (Jerison, 1969, 1973), although errors may occur
when taking measurements from a figure that was never intended
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for that purpose. This endocast volume gives an EQ of 0.38,
which is quite low for a hyaenodont. This is to be expected as
the endocast is incomplete and the volume and EQ therefore
underestimated.
In the description of the endocast Dubied et al. (2019)

identified a single neocortical sulcus, the lateral sulcus (sulcus
marginalis herein), which is prominent. In their comparison to
other hyaenodonts, however, they also mention a sulcus suprasyl-
vius, which they have highlighted in their drawing of the endocast
in their comparative figure (Dubied et al., 2019:fig. 6). We have
examined the 3D rendering of the endocast of P. typica that is
available online. Its cerebral morphology is very similar to that
of Cynohyaenodon cayluxi (e.g., Piveteau, 1961; Radinsky,
1977, Lange-Badré, 1979). We therefore suggest that what
Dubied et al. (2019) interpreted as the sulcus suprasylvius in
P. typica is in fact the sulcus rhinalis. This interpretation is sup-
ported by the amount of exposed midbrain, which suggests a
low degree of neocortical expansion. Finally, the small sulcus
(sulcus presylvius herein) branching off dorsally from the
sulcus rhinalis lateralis pars rostralis in C. cayluxi (Radinsky,
1977) is present also in P. typica, but is most visible on the left
hemisphere due to the damage to that area on the right
hemisphere.
Cynohyaenodon cayluxi is represented by a well-preserved

natural endocast which has been described and discussed by a
number of authors (Filhol, 1877; Gaudry, 1878; Piveteau, 1961;
Russel and Sigogneau, 1965; Radinsky, 1977; Lange-Badré,
1979), yielding several conflicting interpretations. Russel and
Sigogneau (1965) suggested the presence of a weak sulcus supra-
sylvius, but this was disputed by Lange-Badré (1979). They
agreed, however, regarding the presence of a fissura pseudosylvia
(sylvian fossa in the latter publication). This fissura pseudosylvia
was not mentioned by Radinsky (1977), who instead noted a
small rostromedially oriented sulcus (sulcus presylvius herein)
arising from the sulcus rhinalis lateralis pars rostralis. This
sulcus was interpreted as the rostral-most part of the sulcus rhi-
nalis by Piveteau (1961), an error which was corrected by
Lange-Badré (1979). We have not had access to this specimen
but choose to follow the interpretation by Radinsky (1977)
because it appears to agree best with the original illustration in
Filhol (1877:pl-I, figs. 199–202) and photographs in Lange-
Badré (1979:pl. III) as well as with the similar endocast of
P. typica discussed above.
Hyaenodon is the only hyaenodontan genus for which endo-

casts of several species are described, though the taxonomic
assignments of the endocasts of H. leptorhynchus by Gervais

(1870) and Hyaenodon sp. by Klinghardt (1934) were disputed
by Scott (1888), Piveteau (1961), Radinsky (1977) and Lange-
Badré (1979). An endocast of the cerebrum of H. crucians was
figured by Leidy (1869) and described by Scott (1888). Radinsky
(1977) further provided a latex cast of the left side of the cranial
cavity of H. crucians. We have examined a digital rendering of
this endocast and in addition to the two major sulci identified
by Radinsky (sulcus marginalis and sulcus suprasylvius herein),
we identify a faint sulcus ectosylvius parallel to the sulcus rhinalis
and a sulcus endomarginalis parallel to the fissura longitudinalis
cerebri. There is also a small depression emanating from the
fissura longitudinalis cerebri in a similar place to the sulcus cru-
ciatus in H. brachyrhynchus (Lange-Badré, 1979).
Scott (1888) described an endocast of H. horridus, and

Radinsky (1977) described several more. Saveliev and Lavrov
(2001) redescribed (asNeohyaenodon horridus) one of the endo-
casts previously included in the description by Radinsky (1977),
but with major differences in interpretation. They provided
photographs of the endocast and, based on these, it is our
interpretation that Radinsky’s description was essentially
correct, and that the cerebral morphology of H. horridus is
similar to that of H. crucians and H. brachyrhynchus. The
sulcus endomarginalis that we identified in H. crucians was
noted in H. horridus by Radinsky (1977) and appears to be
more defined in the latter species. The line drawing of the endo-
cast of H. horridus by Radinsky (1977:fig. 4) also features two
very short successive sulci subdividing the broad gyrus above
the sulcus rhinalis. These are not mentioned in the text but are
faintly visible in the photographs in Saveliev and Lavrov (2001)
and are similar to the sulcus ectosylvius we found in
H. crucians. A similar sulcus was described in
H. brachyrhynchus by Lange-Badré (1979). Saveliev and
Lavrov (2001) noted a lozenge (a diamond-shape in the dorsal
cerebrum similar to the ursine lozenge seen in some caniforms)
in H. horridus, similar to that seen in H. brachyrhynchus
(Lange-Badré, 1979), delimited by the sulcus cruciatus and
sulcus precruciatus. The presence of this lozenge was not noted
by Radinsky (1977) and cannot be confirmed or refuted by the
photographs of Saveliev and Lavrov (2001).
Pterodon dasyuroides is represented by an imperfectly pre-

served natural endocast described by Piveteau (1935, 1961),
Russel and Sigogneau (1965) and Radinsky (1977), and an artifi-
cial endocast by Lange-Badré (1979). Both Piveteau (1935) and
Lange-Badré (1979) suggest that the midbrain was likely
exposed, whereas Radinsky (1977) states that the edge of the
neocortex reached the cerebellum and olfactory bulbs. After

TABLE 1. Estimated body masses, endocast volumes, EQs and stratigraphical distributions of the taxa compared herein, arranged by descending
age. Values indicated by asterisks are underestimates. Body mass estimates and endocast volumes are from Radinsky (1977), Saveliev and Lavrov
(2007) and Dubied et al. (2019), except for the endocast volume of P. typica which was estimated herein, and all data regarding E. amorui gen. et
sp. nov. References for stratigraphical ranges are listed in Supplemental Data 1.

Species Stratigraphical distribution
Body

mass (kg)
Endocast

volume (ml)
EQ range

(Jerison, 1973)
EQ range

(Eisenberg, 1981)

Thinocyon velox Early to middle Eocene 0.985–1.31 6 0.42–0.51 0.54–0.66
Tritemnodon agilis Early to middle Eocene 8.89 26 0.50 0.57
Proviverra typica Middle Eocene 0.500 2.91* 0.38* 0.53*
Cynohyaenodon cayluxi Middle to late Eocene 2.51–3.47 12 0.44–0.54 0.52–0.66
Paroxyaena pavlovi Late Eocene 46.7 70 0.45 0.45
Pterodon dasyuroides Late Eocene 25.7–35.4 60 0.46–0.57 0.46–0.60
Hyaenodon crucians Late Eocene to early Oligocene 9.41 47 0.88 0.98
Hyaenodon horridus Late Eocene to early Oligocene 49.2 125 0.78 0.77
Apterodon macrognathus Early Oligocene 25.7–35.4 70 0.59–0.73 0.59–0.75
Ekweeconfractus amorui gen. et sp. nov. Early Miocene 15.6–15.8* 40.0–41.0* 0.53-0.55 0.57–0.59
Megistotherium osteothlastes Early to middle Miocene 313–432 335 0.49–0.61 0.41–0.52

Vulpavus palustris Early to middle Eocene 2.14–2.85 10.6 0.44–0.53 0.53–0.66
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examining a digital rendering of the natural endocast, we are
inclined to agree with Radinsky (1977). If there was midbrain
exposure, it was to a much lesser extent than in, e.g., Thinocyon
velox (Radinsky, 1977) and Proviverra typica (Dubied et al.,
2019).

Comparison of Hyaenodont Endocasts

The brain morphology of E. amorui gen. et sp. nov. is similar to
that of other known hyaenodonts. The degree of neocortical
expansion is high compared to most earlier taxa, but similar to
the contemporary Megistotherium osteothlastes. This is in spite
of the nearly ten times greater endocast volume of the latter.
Megistotherium osteothlastes, however, has an additional neocor-
tical sulcus, the sulcus endomarginalis. Relative neocortex size
and gyrification is influenced by the size of the brain (e.g.,
Jerison, 1973; Finlay and Darlington, 1995). The hyaenodonts
most similar in brain size to E. amorui gen. et sp. nov. (40–
41 ml) are Tritemnodon agilis (26 ml; Radinsky, 1977) and
Hyaenodon crucians (47 ml; Radinsky, 1977). The neocortex of
T. agilis (Radinsky, 1977) is much less expanded than that of
E. amorui gen. et sp. nov. and lacks the sulcus suprasylvius.
Hyaenodon crucians (Radinsky, 1977) displays a slightly lower
degree of neocortical expansion than E. amorui gen. et sp. nov.
but has a more elongated sulcus marginalis as well as a faint
sulcus endomarginalis. Both T. agilis and H. crucians are
notably older than E. amorui gen. et sp. nov., being early–
middle Eocene and late Eocene–early Oligocene in age
respectively.

The EQ of E. amorui gen. et sp. nov. is similar to that of most
other hyaenodonts. Radinsky (1977) noted a trend of increasing
EQ in Hyaenodonta, like in Carnivoramorpha. This conclusion
was mainly based on the higher EQ ofHyaenodon spp. compared
to older taxa. The geologically younger E. amorui gen. et sp. nov.
and M. osteothlastes both have EQs that are more similar to the
older taxa than toHyaenodon spp., however, suggesting that this
EQ increase was limited to the Hyaenodontidae. Nevertheless,
the EQ is highly sensitive to the correct estimation of endocast
volume and body mass, and several of these endocasts, including
those of E. amorui gen. et sp. nov. and M. osteothlastes, are
incomplete. Additionally, the body masses of different taxa
have been estimated with different methods depending on the
material available, leading to another potential source of error.
It is therefore premature to draw any conclusions regarding evol-
utionary changes in EQ within Hyaenodonta.

Hyaenodonta display a great diversity in endocast mor-
phology. Both Miocene species, M. osteothlastes and E. amorui
gen. et sp. nov., are peculiar in that they display expanded neo-
cortices and yet, as noted above, have similar EQ values to
older, less neocorticalized taxa. Radinsky (1977) suggested that
the low EQ of M. osteothlastes may result from the failure of
the EQ equation (Jerison, 1973) to describe brain size scaling
at very high body masses. This cannot account for the low EQ
of E. amorui gen. et sp. nov., however, because it was a small
animal. Nevertheless, the EQ of E. amorui gen. et sp. nov. is
subject to significant error due to the underestimation of both
endocast volume (due to incompleteness of the endocast) and
body mass (due to the method of body mass estimation).

Paroxyaena pavlovi is also highly neocorticalized (Saveliev and
Lavrov, 2007), but whether the expansion of the neocortex was
associated with an increase in EQ in this species is unclear due
to the uncertainty of the endocast volume (only cerebrum
exposed) and body mass estimate (based on similarity in M1
size to a congeneric specimen). Even if the endocast volume
and body mass of the individual could be accurately estimated,
they may not be representative of the species, because the speci-
men in question is a juvenile with deciduous premolars in place
(Lavrov, 2007). Megistotherium osteothlastes and P. pavlovi

both share the sulcus endomarginalis. They also share the
sulcus ectosylvius with Pterodon dasyuroides, suggesting that
this sulcus is a shared feature among the Hyainailourinae. The
sulcus ectosylvius is also present in E. amorui gen. et sp. nov.,
but not in Apterodon macrognathus, which may suggest the inde-
pendent evolution of this sulcus within the Teratodontinae, or its
loss in A. macrognathus.

Apterodon macrognathus (Radinsky, 1977) has a similar brain
size to P. pavlovi but a somewhat less expanded neocortex. As
previously noted by Radinsky (1977), A. macrognathus stands
out with its distinctly arched sulci. Arching of the sulci is a dis-
tinctive feature of extant carnivorans, and Radinsky (1977) had
two hypotheses for explaining this phenomenon: expansion of
the auditory cortex, or packaging requirements in an expanding
cortex. Nevertheless, he thought that neither of these hypotheses
could explain the sulcal arching in A. macrognathus. The sulcal
pattern could be related to the semiaquatic lifestyle recently
suggested for Apterodon spp. (Frey et al., 2011; Grohé et al.,
2012; Mahboubi et al., 2014). A study by Lyras et al. (2016)
suggested that aquatic and semi-aquatic carnivorans as a rule
have more gyrencephalic brains than terrestrial ones, but this is
not the case with A. macrognathus. The homology between the
functional regions of the cortex in hyaenodonts and carnivorans
is currently not sufficiently established to speculate about more
specific sensory adaptations such as those seen in the otter
(Radinsky, 1968).

Apterodon macrognathus shares the sulcus suprasylvius with
the hyainailourines and E. amorui gen. et sp. nov., but this
sulcus is not found in T. agilis (nor any other hyaenodont, with
the exception ofHyaenodon spp.), which is commonly recovered
as a sister taxon to Hyainailouroidea (e.g., Borths et al., 2016;
Borths and Stevens, 2019; Dubied et al., 2019). This may
suggest that this sulcus is apomorphic to the Hyainailouroidea.
With such a limited number of endocasts, of such varying mor-
phology, however, the possibility of this sulcus arising several
times within the clade cannot be disregarded. Curiously, one
aspect of the morphology of this sulcus is shared by such
diverse taxa as M. osteothlastes, E. amorui gen. et sp. nov. and
H. horridus, namely that it curves medially at the anterior end
to meet its counterpart of the other hemisphere, such that it
can be seen as an indentation in the outline of the dorsal cere-
brum in lateral aspect. This feature is less pronounced in
H. crucians where the sulcus curves slightly medially but does
not reach the fissura longitudinalis cerebri.

Among the Hyaenodontoidea, Hyaenodon species (e.g.,
Radinsky, 1977, Lange Badré, 1979) stand out with their rela-
tively neocorticalized and gyrencephalic brains, as well as their
high EQ. One possible explanation for the increased encephali-
zation in Hyaenodon is a response to encephalization in prey
species and competition with carnivoramorphs (Jerison, 1973),
although this should have affected other hyaenodont taxa as
well. It is possible that Hyaenodon, being hypercarnivorous
(Mellett, 1977), competed with, and preyed on, different taxa
than did the less specialized hyaenodont species. Many other
factors have been correlated with increased encephalization in
extant carnivorans, however, such as parental care (Gittleman,
1994), neonatal body mass and litter size (Finarelli, 2010), life
span (Hofman, 1983), cognitive abilities (e.g., Benson-Amram
et al., 2016), and sociality (Pérez-Barbería et al., 2007). The cor-
relation between sociality and brain size in carnivorans has been
repeatedly disputed, however (e.g., Finarelli and Flynn, 2009;
Benson-Amram et al., 2016). A further complication is the fact
that, as noted by Mellett (1977), the skull never stopped
growing in Hyaenodon, and possibly neither did the body,
though there is less material to prove this. Since the size of the
brain case changed little throughout the adult life of the animal
(Mellet, 1977:fig. 27), this means that the EQ should have
decreased during its life span.
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FIGURE 8. Phylogeny of taxa included in this study, with endocast drawings, volume (V, ml) and EQ (in brackets) for comparison. Phylogeny and
divergence dates follow Dubied et al. (2019). Because Hyaenodon brachyrhynchus was not included in the phylogeny by Dubied et al. (2019), the
divergence date for another European species, H. exiguus, was used instead. Age ranges of each species are listed in Supplemental Data 2. Endocast
drawings, except that ofE. amorui gen. et sp. nov., are based on descriptions by Radinsky (1977), Lange-Badré, (1979), Saveliev and Lavrov (2007) and
Dubied et al. (2019) with the neocortex indicated in gray. The appearance of a sulcus within a clade is indicated by a colored circle. In the color version,
different sulci are illustrated in corresponding colors on the endocasts. Endocast drawings are not to scale. Abbreviation: Cr., Cretaceous.
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The basal hyaenodontid C. cayluxi (Borths et al., 2016; Borths
and Stevens, 2019; Dubied et al., 2019) displays a low degree of
neocorticalization compared to its younger, larger confamilials
of the genus Hyaenodon (Radinsky, 1977). This further supports
the notion that the expansion and gyrification of the neocortex,
and acquisition of the sulcus suprasylvius, occurred convergently
within Hyaenodontoidea and Hyainailouroidea. Proviverra
typica (Dubied et al., 2019) displays numerous similarities in neo-
cortical morphology to C. cayluxi (Radinsky, 1977), such as a
similar degree of neocortical expansion, and the presence of a
sulcus presylvius. The phylogenetic position of P. typica is uncer-
tain (e.g., Borths et al., 2016), but in the recent phylogeny by
Dubied et al. (2019) it was included in Hyaenodontoidea (Fig.
8). This placement is in agreement with the neocortical
morphology.

Thinocyon velox is the hyaenodont studied herein that displays
the lowest degree of neocortical expansion (Fig. 8). Radinsky
(1977) also suggested a low degree of neocortical expansion for
another limnocyonine, Oxyaenodon sp., based on a partial
natural endocast. Limnocyoninae are placed basally within
Hyaenodonta in recent phylogenetic studies (e.g., Borths and
Stevens, 2019; Dubied et al., 2019). This, together with the rela-
tively low degree of neocorticalization in T. agilis, P. typica and
C. cayluxi, suggests that the first hyaenodonts had relatively
small neocortices and that increasing neocorticalization and gyr-
ification occurred independently in Hyaenodontoidea and Hyai-
nailouroidea. Borths et al. (2016) recovered Limnocyoninae as
the sister group of the clade containing T. agilis and Hyainailour-
oidea when using strict, Adams, and standard Bayesian consen-
sus trees (Borths et al., 2016:figs. 17, 18, 20, 21). Nevertheless,
this has little impact on the results herein, because the endocasts
of C. cayluxi and P. typica still point towards a low degree of neo-
corticalization and gyrification in the first hyaenodontids, and
thus the first hyaenodonts. As we shall see below, the endocast
morphology of oxyaenids (Radinsky, 1977; Ahrens and
Passero, 2019) and an early carnivoramorph (Radinsky, 1977)
also support a relatively small neocortex in the first hyaenodonts.
Additionally, P. typica was recovered basally within Hyaeno-
donta by Borths and Stevens (2019) and Borths et al. (2016:
figs. 18, 19, 21, 22) when using standard Bayesian or Bayesian
tip-dating analysis. In this case the relatively small neocortex of
this species also supports the hypothesis of a low degree of neo-
cortical expansion in the first hyaenodonts.

The oldest known hyaenodont endocasts, such as T. velox and
T. agilis, indicate a degree of neocortical expansion similar to the
late Paleocene oxyaenid Dipsalidictis krausei (Ahrens and
Passero, 2019). The digital endocast of D. krausei is so far only
described in an abstract and is the only complete oxyaenid endo-
cast described to date (Ahrens and Passero, 2019). Based on
more fragmentary material, Radinsky (1977) also suggested a
low degree of neocorticalization in the early Eocene Oxyaena
sp. and middle Eocene Patriofelis ulta (Wortman, 1894;
Denison, 1938).

The oldest known carnivoramorph endocast, of the late Paleo-
cene viverravid Didymictis, is crushed, but was described by
Radinsky (1977) as indicating a low degree of neocortical expan-
sion with no evidence of neocortical sulci. Radinsky (1977) also
described an endocast of the Eocene carnivoraform Vulpavus
palustris, which appears to be the oldest nearly complete carni-
voramorph endocast that has been figured in the literature. It
was included in Table 1 and Fig. 8 for comparison with hyaeno-
donts. This endocast was described by Radinsky (1977) as dis-
playing considerably more neocortical expansion than that of
Didymictis, with a nearly completely covered midbrain and two
neocortical sulci. An undistorted, complete digital endocast of
the closely related Oodectes herpestoides was described in an
abstract by Spaulding and Flynn (2012). They noted many simi-
larities with V. palustris but also that the frontal pole of the

neocortex was slightly more expanded in O. herpestoides, so
that it reached the olfactory bulbs. The endocast morphologies
of V. palustris and O. herpestoides suggest a greater degree of
neocorticalization in early Eocene carnivoramorphs than in con-
temporary hyaenodonts, even if absolute size is taken into
account. The endocast volume of V. palustris is 10.6 ml compared
to 6 ml and 26 ml in T. velox and T. agilis, respectively (Radinsky,
1977). The late Eocene carnivoraform Quercygale angustidens
has a larger brain (20.5 ml) and a more expanded neocortex
than V. palustris, with longer sulci (Procynodictis angustidens in
Radinsky, 1977). Quercygale angustidens appears to display a
degree of neocortical expansion most similar to the contempor-
ary, but larger, Hyaenodon brachyrhynchus (Lange-Badré,
1979) among the hyaenodonts.

CONCLUSIONS

Radinsky (1977) noted the increasing neocorticalization
through time in Hyaenodonta. This trend is further highlighted
by the additional specimens described since then (Lange-
Badré, 1979; Saveliev and Lavrov, 2007; Dubied et al., 2019),
and most notably by E. amorui gen. et sp. nov. which adds a neo-
corticalized Miocene species of relatively small body size to the
record of hyaenodont endocasts. When accounting for the phylo-
genetic relationships within the order it appears that this expan-
sion of the neocortex and acquisition of additional sulci occurred
convergently within Hyaenodontoidea and Hyainailouroidea.
This is not surprising considering that these clades are thought
to have originated in the Paleocene or even earlier (e.g.,
Borths and Stevens, 2019), and all taxa in this study are of
Eocene age or younger. What may be surprising, however, is
that the expansion of the neocortex may not have been
accompanied by an increase in relative brain size (EQ) in Hyai-
nailouroidea. This suggests that the expansion of the neocortex
occurred at the expense of other parts of the brain in this
group. However, as noted above, many endocasts are incomplete
and their full volume is uncertain. Likewise, the body mass esti-
mates are uncertain because different methods of body mass esti-
mation are used for different specimens depending on which
parts of the skeleton are preserved.

Although many studies have focused on the evolution of the
brain in recent mammalian carnivores, or extinct members of
extant carnivore families (e.g., Lyras and van der Geer, 2003;
Lyras, 2009; Lyras et al., 2016), little is known about the
brains of the members of extinct clades such as Hyaenodonta,
Oxyaenidae, Viverravidae and basal carnivoraforms (‘Miaci-
dae’). This is largely due to the paucity of suitable specimens
of the latter groups. The advent of 3D technology, however,
is leading to an increase in specimens in the form of digital
endocasts (e.g., Ahrens and Passero, 2019; Dubied et al.,
2019). It also allows for the digitization of physical endocasts,
which makes these specimens more widely accessible and
allows for digital measurements. A larger number of more
complete endocasts would allow for more thorough studies of
increasing gyrification through time, similar to the study on car-
nivorans by Lyras et al. (2016), and for testing of phylogenetic
signal in endocast morphology (cf. Ahrens, 2014). Such studies
have the potential to greatly increase our understanding of the
evolution of the brain in Hyaenodonta, and more generally, in
mammals as a whole.
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