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Abstract

Endocranial casts are capable of capturing the general brain
form in extinct mammals due to the high fidelity of the en-
docranial cavity and the brain in this clade. Camelids, the
clade including extant camels, llamas, and alpacas, today
display high levels of gyrification and brain complexity. The
evolutionary history of the camelid brain has been described
asinvolving unique neocortical growth dynamics which may
have led to its current state. However, these inferences are
based on their fossil endocast record from approximately
~40 Mya (Eocene) to ~11 Mya (Miocene), with a gap in this
record for the last ~10 million years. Here, we present the
first descriptions of two camelid endocrania that document
the recent history of the camelid brain: a new specimen of
Palaeolama sp. from ~1.2 Mya, and the plaster endocast of
Camelops hesternus, a giant camelid from ~44 to 11 Kya
which possessed the largest brain (~990 g) of all known
camelids. We find that neocortical complexity evolved sig-
nificantly between the Miocene and Pleistocene Epochs.

Already ~1.2 Mya the camelid brain presented morpholo-
gies previously known only in extant taxa, especially in the
frontal and parietal regions, which may also be phylogenetic
informative. The new fossil data indicate that during the
Pleistocene, camelid brain dynamics experienced neocorti-
cal invagination into the sagittal sinus rather than evagina-
tion out of it, as observed in Eocene to Miocene taxa.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

The evolutionary history of the mammalian brain is
known from studies of the fossil record of endocranial
casts [Edinger, 1966; Dechaseaux, 1969; Jerison, 1971;
Macrini, 2009; Rowe et al., 2011; Orliac and Gilissen,
2012] which can capture brain size, shape, and often the
neocortical topology [Dechaseaux, 1962; Edinger, 1966;
Dechaseaux, 1968; Repérant, 1971b; Jerison, 1977; Dozo,
1998; Rowe et al., 2005; Jerison, 2007; Macrini, 2009;
Rowe et al.,, 2011; Orliac and Gilissen, 2012] due to the
high fidelity of the endocranial cavity and the brain mam-
malian brain. Endocasts can be natural, created by normal
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fossilization processes, or man-made, by casting fossil en-
docrania, physically or virtually. Brain complexity has
reached exceptional levels in humans and other primates
but is closely followed by members of Artiodactyla [Lewi-
tus et al., 2014], the clade including cetaceans (whales,
dolphins, and porpoises) and artiodactyls (i.e., ruminants,
pigs, camels) [Hassanin et al., 2012]. Among the latter,
camelids, which include extant camels, guanacos, and vi-
cunas, were one of the first lineages to increase their neo-
cortical complexity in the Eocene (~40 Mya) [Orliac and
Gilissen, 2012]. Today, the camelid brain displays re-
markable differentiation of the sulcal system and signifi-
cant expansion of the neocortex, particularly of the pe-
ripheral brain (gyrus 2), compared to other mammals
[Repérant, 1971Db, a].

The physical dynamics by which camelids may have
evolved their current brain form is reportedly unique among
mammals [Repérant, 1971a]. In most mammals, the neocor-
tex reportedly develops from the midline outward towards
the lateral brain. In contrast, the camelid neocortex report-
edly develops by invagination of the telencephalon into the
sagittal sinus [Repérant, 1971a]. Evidence for developmental
invagination is provided by prenatal ontogenetic studies
showing “primitive” sulci in the sagittal plane; and evolu-
tionary invagination has been hypothesized based on the ca-
melid fossil endocast record, and the reported sequence of
sulcal development throughout geological time [Repérant,
1971a, b]. Brain form and neocortical topologies have been
described for camelids from the Eocene, Oligocene, and
Miocene Epochs (Fig. 1a—c), revealing the pattern of deep-
time brain evolution in this group from approximately ~40
to ~11 million years ago. Since then, there has been a void
in their fossil endocast record, limiting our understanding of
the mode and tempo in which this lineage reached their cur-
rent brain morphology.

Here, we present the first descriptions of Pleistocene
camelid endocasts from two different stages. The firstis a
natural endocranial cast of a newly discovered Palaeola-
ma sp. from the mid-Pleistocene (~1.2 Mya) of South
America, and the second, a plaster endocast of the skull
of Camelops hesternus from the late Pleistocene (~44 Kya
to 11 Kya) of North America. Palaeolama is likely the
closest fossil relative of extant South American camelids,
Lama and Vicugna, according to the latest systematic re-
view of Camelinae [Lynch et al., 2020], and our specimen
represents the earliest occurrence of this genus in the fos-
sil record [Scherer, 2012; Lynch et al., 2020]. The genus
Camelops contains some of the largest camelids ever
known, often referred to as the “giant camels” [Zazula et
al., 2011], and is one of the most studied camelid taxa
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[Leidy, 1873; Hay, 1913; Webb, 1965; Jerison, 1971; Hum-
pula et al., 2007; Heintzman et al., 2015; Baskin and
Thomas, 2016; Lynch et al., 2020]. Its endocast has been
referred to in one prior publication [Jerison, 1971] but
has never been described. The phylogenetic position of
genus Camelops remains much debated today, notably
due to differences between molecular and morphology-
based trees which place it either closer to South American
taxa or to Asian camelids [Scott and Jepsen, 1940; Har-
rison, 1979; Honey et al., 1998; Heintzman et al., 2015;
Baskin and Thomas, 2016] (Fig. 1d). Endocranial charac-
ters can be an important data source for phylogenetic in-
ference [Macrini et al., 2007]. Here, we describe charac-
ters of potential phylogenetic importance to clarify the
position of Camelops within Camelidae [Harrison, 1979;
Honey et al., 1998; Scherer, 2012; Heintzman et al., 2015;
Baskin and Thomas, 2016].

Materials and Methods

Materials

The endocast of Palaeolama sp., PIMUZ A/V 409, is a natural
cranial endocast. It belongs to the Roth collection (“Katalog der
Non-Xenarthra der Rothschen Sammlung”) of the Palaeontologi-
cal Institute and Museum of the University of Zurich (PIMUZ)
and dates to the Pampeano Inferior (Ensenadan), approximately
~1.95/1.77 Mya to 0.4 Mya [Verzi et al., 2004; Lynch et al., 2020]
from the “San Lorenzo 2” locality in Argentina [Roth, 1889; Schul-
thess, 1920]. The specimen includes multiple large skull fragments
fitting anterior and posterior facets of the endocast, and various
rostral and dental fragments that fit the rest of the skull. The en-
docast of C. hesternus, LACM 4700-1, is a plaster cranial endocast
from a C. hesternus skull with catalogue number HC692, both be-
longing to the Rancho La Brea Tar Pits (RLBTP) in California,
USA (A. Farrell, RLBTP, pers. comm.). The C. hesternus skull is
dated between ~44 Kya and 11 Kya (Rancholabrean) [Rook et al.,
2019]. No other data are available for this specimen, and it has not
been described except as mentioned in a quantitative study by Jer-
ison [1971] (A. Farrell, RLBTP, pers. comm.). Interactive three-
dimensional images of the endocast were provided in Adobe Por-
table Document Format (Adobe®Acrobat® v. 2021.007.20091) by
the Rancho La Brea Tar Pits collections staff.

The geological age of Procamelus is based on new data ac-
quired during our investigations. This datum was relevant for the
section on brain size evolution. Previous studies on camelid
brain size [Jerison, 1971], neocortical anatomy [Repérant, 1971a],
and rate of brain size evolution [Kruska, 1982] have referred to
the same Procamelus specimen (AMNH F:AM 40366) used here
as an early or late Pliocene specimen. This specimen was first il-
lustrated and published by Edinger [1966] as an “early Pliocene
Procamelus” [Edinger 1966, p. 157-158], but without a catalogue
number. The same specimen was described as a Pliocene taxon
by Repérant [1971] (J. Repérant, pers. comm.). Based on textual
references, this is the same specimen that Jerison [1971] identi-
fied as AMNH F:AM 40366: “a new and hitherto undescribed

Balcarcel/Bastiaans/Orliac

€202 JoquianoN g0 uo Jasn JaljjadiuoiN NIG Aq Jpd 292825000/ L 9¥S96E/201/2/86/HPd-ole/eqq/Wod 1ebiey//:dRy wouy papeojumoq



Eocene - Oligocene: Protylopus and Poebrotherium

Miocene: Protolabis and Procamelus

Sylvian complex

(anterior) H
Coronal | (descendin.g)
Obliques 2-3 ... Suprz?syl\rla
™ i H Diagonal
Suprasylvian (posterior) i .- Sulcus X
~4 Jnryx - N_
Oblique 1 --------Presylviar
Lateral --- . . (anterior)
Ectolateral ] ‘\_\
) Rhinal fissure i . E&:E:E;i::?ign
a Entnlaferal (posterior) b (posten(‘:r)
Ectosylvian
(newly described here)
(previous youngest known o
camelid brain) U v
Miocece early Pleistocene late Pleistocene
(~12-10 Mya) (~1.2 Mya) (~55-11 Kya)
: : : Present
=
=, ,_/f ; o
Procamelus sp. Palaeolama sp. Camelops
¢ hesternus
Vicugna r
Lama 4 Vicugna:l
Lamini Camelops Lama Lamini
Palaeolama sp.* Palaeolama sp.*————
_Camelinae| |Camelinae
Camelops
"
Camelini Camelus ‘ ! Camelini
', Camelus ————
d

Fig. 1. a Schematic of the camelid brain from Eocene to Oligocene, and (b) Miocene. Adapted from Repérant
[1971]. c Geological timeline for endocasts described here. Procamelus outline based on Edinger [1966], elements
not to scale. d Phylogenetic hypotheses for Camelops, based on Scherer [2012]; Lynch et al. [2020]. * PIMUZ A/V
4091 is referred to Palaeolama sp. [Lynch et al., 2020].

specimen from the Frick Collection of the American Museum of
Natural History” [Jerison 1971, p.228]. The American Museum
of Natural History (AMNH) confirms that AMNH F:AM 40366
is a Miocene Procamelus from the Clarendonian North American

Neocortical Evolution in Camelids

Land Mammal age (NALMA), dated to ~12.5 Mya to 9.4 Mya
[Barnosky et al., 2014] of the Valentine Formation Burge Mem-
ber (C. Mehling, AMNH, pers. comm.), and we refer to it as such
in this study (Fig. 1b).
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Methods

The skull and dental elements of the specimen PIMUZ A/V
4091 are first briefly described in order to evaluate their referral to
Palaeolama sp. in the PIMUZ collections catalogue. To improve
visualization of the neocortex, the endocast was scanned via X-ray
computed tomography (CT) at the University of Montpellier using
an EasyTom 150 p-CT scanner at 92 KV with a resulting resolution
of 70 um. Digital reconstruction of the scan and segmentation to
remove remaining cranial bone was executed in Avizo (v. Lite
9.0.1) (Thermo Fisher Scientific-FEI). A small portion of the right
parietal region could not be segmented successfully due to a lack
of contrast between cranial bone and endocast. The 3D interac-
tive images of the endocast of C. hesternus, LACM 4700-1, were
examined in Adobe Acrobat Reader DC (Adobe®Acrobat® v.
2021.007.20091). Models (3D) are available for visualization and
free download at MorphoMuseuM.com [Lebrun and Orliac, 2016].

The anatomical terminology used for neocortical descriptions
is presented in Table 1 and includes our proposed equivalence of
terms from prior studies including Dechaseaux [1962], Herre and
Thiede [1965], Edinger [1966], Dechaseaux [1969], Repérant
[1971], and Barone and Belemlih [1973]. Interpretations of sulcal
homologies are based on macroscopic morphological observations
and sulcal maps in previous publications on this subject [Decha-
seaux, 1962, 1968, 1969; Repérant, 1971b, a; Barone and Belemlih,
1973; Dechaseaux, 1973]. Linear measurements of all specimens
were taken in Meshlab (v.2021.05) or Affinity Photo (v.1.9.2.1035)
following Macrini [2009] [Cignoni et al., 2020]. For comparisons
of encephalization, body mass estimates for Palaeolama sp. and C.
hesternus were calculated using four separate body mass predic-
tion equations from Janis [1990] and Damuth and MacFadden
[1990], based on upper molar dimensions [Damuth and MacFad-
den, 1990; Janis, 1990]. The arithmetic mean of these results was
used to calculate encephalization quotients (EQs) as per Jerison
[1970]. We equate grams and millilitres for comparison purposes.
Brain and body size data for extant camelids and other EQ data
were taken from Jerison [1971] as noted.

Results

Systematic Paleontology
Tylopoda Illiger, 1811.
Camelidae Gray, 1821.
Palaeolama Gervais, 1869.

Description: Palaeolama sp. Skull and Teeth

The specimen includes parts of the anterior and pos-
terior cranium which articulate with the endocast but not
to each other. The anterior section contains portions of
the frontals, orbits, and proximal rostrum (Fig. 2a-c). In
dorsal view, the skull’s overall shape is similar to that of
extant SACs, narrowing sharply from the orbits towards
the anterior rostrum. Left and right upper molars (M2-
M3), which were reconstructed from multiple fragments
by the first author, are high-crowned and selenodont
(Fig. 2d). In the maxilla, transverse sections of the roots
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of P4-M1 are exposed and there is no indication of a P3
alveolus. A diastema extends mesially from position P4.
Isolated fragments of the anterior rostrum contain parts
of two caniniform, recurved teeth separated by a diastema
of approximately ~3.5 cm, suggesting these are likely the
third upper incisor (I3) and upper canine (C) (Fig. 2e-f)
[Lynch et al., 2020]. The catalogue identification of Pal-
aeolama sp. is supported by the presence of several char-
acters diagnostic of South American Lamini (Camelidae)
including the shape and extent of the choanae, which
reach beyond the distal edge of M2 (Fig. 2a) [Scherer,
2012; Lynch et al., 2020]. Its geographic and stratigraphic
provenance also supports membership in Lamini. The
presence of an I3, a recurved and laterally compressed up-
per canine, and a shallow maxillary fossa (Fig. 2b) define
it further as within or close to Palaeolama [Harrison,
1979]. We refer to this specimen as Palaeolama sp. in the
entirety of this study, based on its catalogue data and
these observations, while recognizing that a phylogenetic
analysis is lacking [Webb, 1965; Scherer, 2012; Lynch et
al., 2020].

Description: Endocast of Palaeolama sp., PIMUZ

A/V 4091

General morphology: The natural endocast of PIMUZ
A/V 4091 is nearly complete and minimally distorted
(Fig. 3a, c), missing olfactory bulbs and most of the ven-
tral surface. In dorsal view, it has an ovoid outline, nar-
rower anteriorly than caudally, as is typical of camelid
brains [Herre and Thiede, 1965; Repérant, 1971a]. Bifur-
cation of the frontal lobes forms a wide v-shaped gap. The
posterior two-thirds of the cerebral portion of the endo-
cast is nearly uniform in width (Fig. 3b). In lateral view
(Fig. 3d), the dorsal outline slopes downward from its
apex in the caudal cerebrum to the prefrontal margin of
the endocast. A nearly complete cerebellar cast comprises
approximately one-quarter to one-third of the total endo-
cast length (excluding missing olfactory bulbs). Measure-
ments of general endocast dimensions are in Table 2.

Telencephalon: The cast of the neocortex of Palaeolama
sp. presents a greater number of sulci than earlier known
fossil camelids, and comparatively, an expansion of both
lateral and prefrontal neocortical regions. The coronal and
suprasylvian sulci (anterior, middle, and posterior por-
tions), considered to be “archaic” [Repérant, 1971a], are
visible on the dorsal surface of the endocast (Fig. 3b). The
suprasylvian sulcus is observed best on the left cerebral
hemisphere. It is long and mostly longitudinal, curving
around and beyond the coronal sulcus at the anterior
endocast, and bifurcating into anterior and descending
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Fig. 2. PIMUZ A/V 4091, all elements: (a) palate and teeth; (b) anterior skull fragment, dorsal view; (c) articu-
lated skull and endocranial cast, dorsal view; (d) left M2; (e) anterior snout in transverse section; (f) anterior
snout fragments, disarticulated, medial views. Scale bar for part “c” only.

branches (Fig. 3b). The coronal is a single longitudinal sul-
cus, with the transverse ansate crossing it perpendicularly.
Medial to the suprasylvian sulcus is the ectolateral sulcus
[Herre and Thiede, 1965; Repérant, 1971a], also preserved
best on the left hemisphere. Between the ectolateral sulcus
and the sagittal sinus (Fig. 3b), several short furrows in no
particular orientation appear to be fragments of accessory
ectolateral sulci. At the anterior-most edge of the prefron-
tal, Palaeolama sp. presents an intercalaire sulcus (Fig. 3b,
e), a short curvilinear furrow just anterior to the proximal
end of the suprasylvian sulcus.

Inlateral view, the neopallium possesses a well-marked
ectosylvian sulcus, with curvilinear anterior and posterior
branches that join at the sylvian complex (Fig. 3b).
Oblique sulci 1-3 are positioned caudally in the posterior
third of the lateral surface of the endocast (Fig. 3d).
Oblique sulcus 1 is the longest and most continuous, and
oblique sulcus 3 appears mostly rectilinear. The anterior
rhinal fissure is not preserved, nor is the region immedi-
ately dorsal to it where we would expect to find the pre-
sylvia and diagonal sulci [Repérant, 1971b]. In oblique
view, sulcus X - shaped just like its name - is just lateral
to the intercalaire sulcus (Fig. 3e). Below the suprasylvian
sulcus and above the sylvian complex, we observe the
arched sulcus - an arrangement of at least three curvilinear
boughs [Repérant, 1971a] (Fig. 3e). On the ventral side of
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the endocast, the pyriform lobes appear small and slight-
ly convex.

Mesencephalon: The tectum of the mesencephalon is
not dorsally exposed, fully covered by the posterior ex-
pansion of the neocortex (telencephalon) (Fig. 3a).

Metencephalon: Dorsally, the metencephalon is the
narrowest region of the endocast (Fig. 3a, b). The cerebel-
lum is nearly half as wide as the cerebrum and particu-
larly short in comparison to the latter. The cerebellar
hemispheres are obscured by a salient superior petrosal
sinus and their shape and extension cannot be deter-
mined precisely (Fig. 3d). However, the cast of the cere-
bellum indicates that the vermis was much wider than the
hemispheres. Parafloccular lobes project laterally, and the
internal acoustic meatus is visible (Fig. 3c-d).

Encephalization Quotient: Here, based on dental mea-
surements (see SD1), we estimate that Palaeolama sp. had
abody mass of ~264.5 kg yielding an EQ 0f 0.90 following
Jerison’s equation [Jerison, 1970] (SD1).

Systematic Paleontology
Tylopoda Illiger, 1811

Camelidae Gray, 1821

Camelops Leidy, 1854

Camelops Hesternus Leidy [1873].
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Table 2. Cranial endocast dimensions and brain/body mass estimates for Camelops and Palaeolama sp. described herein

Taxon Specimen Age TEL, CL, cw, CH, OBL, CBL, CBW, CBH, Estimated Estimated
mm mm mm mm mm mm mm mm endocast  body mass,
volume, g  kg**

C. hesternus LACM 4700-1 55-11Kya 1921 116 1113 1148 515 4.33 7245 855 990* 825.9
Palaeolama sp. PIMUZ A/V 4091 1.2 Mya 1378 93.6 854 77.7 na 37.2 64 49 444.3 263.5

Measurements follow Macrini (2009). TEL, total endocast length; CL, cerebral length (without olfactory bulbs); CW, cerebral width; CH, cerebral height; OBL,
olfactory bulb length; OBW, olfactory bulb width; CBL, cerebellar length; CBW, cerebellar width; CBH, cerebellar height. * From Jerison [1971]. ** Calculations in
online supplementary file SD1, available at www.karger.com/doi/10.1159/000528762.
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Description: Endocast of C. Hesternus, LACM-4700-1
General morphology: The natural endocast of C. hes-
ternus is complete, includes olfactory bulbs, and appears

Neocortical Evolution in Camelids

undistorted. The cerebral cast is pear-shaped in dorsal view,
narrower at its anterior, but somewhat more rectangular
than Palaeolama sp. in all views (Fig. 4a-e). Anterior

Brain Behav Evol 2023;98:107-120
DOI: 10.1159/000528762

£20T 19qWBaAON Z0 U Jasn saljjadiuo NI Ad Jpd 29825000/ 9¥S96€/L01/2/86/4Pd-801uE/0qq/UW0D"I8BIEY//:dRY WOI) papeojumoq



frontal lobes are bifurcated by a wide gap. Cerebellar cast
length is approximately one-fifth of the cerebral cast
length. Measurements of general endocast dimensions
are in Table 2.

Telencephalon: In dorsal view (Fig. 4a-b), the olfac-
tory bulbs are elongated, pedunculated, and ovoid-
shaped. The ethmoidal chamber, also known as the eth-
moidal fossa [Rowe et al., 2005], is rather narrow and
pierced by the dense sieve of the cribriform plate, visible
in ventral view (Fig. 4c). Between the anterior and poste-
rior parts of the neocortex, the rectilinear anterior and
descending branches of the suprasylvian sulcus split and
simultaneously converge with the short transverse ansate,
which turns medially into the sagittal sinus at this point.
The coronal sulcus here has atleast one additional branch:
the anterior transverse coronal sulcus and the intercalaire
sulcus are present just anterior to them. A rectilinear fold
closest to the midline and parallel to the sagittal sinus —
which was not observable in the Palaeolama endocast - is
the lateral sulcus, considered an archaic feature of the ca-
melid brain [Repérant, 1971a]. Between the lateral and
the suprasylvian sulci, the ectolateral sulcus comprises a
dense arrangement of short sulci mostly oriented trans-
versely (Fig. 4b).

On the lateral surface of the endocast, C. hesternus has
an ectosylvian sulcus with an additional branch stem-
ming from its anterior end and rising towards the pre-
frontal cortex: the ascending anterior ectosylvian sulcus
(Fig. 4d-e). The oblique sulci are curvilinear and con-
verge into each other; while the arched sulcus is posi-
tioned more anteriorly than in Palaeolama sp. The rhinal
fissure at the base of the cerebrum is fully preserved, with
anterior and posterior branches joining at an acute angle
at what appears to be the accessory sylvian complex - a
short vertical furrow connecting the posterior ectosylvian
sulcus to the posterior rhinal fissure - rather than at the
sylvian complex [Repérant, 1971a] [see Repérant 1971, p.
663] (Fig. 4e). The presylvian sulcus is the obliquely ori-
ented sulcus located just dorsal to the anterior rhinal fis-
sure. In the prefrontal region, sulcus X is located just be-
low the ascending anterior ectosylvian sulcus; and the di-
agonal sulcus is observable posterior to it.

Diencephalon: A cast of the pituitary is captured in
ventral view (Fig. 4c—e). It is globular and strongly pro-
trudes ventrally. Its posterior border is located at the lev-
el of the foramen ovale, and its anterior margin is at the
level of the base of the optic chiasma.

Mesencephalon: The tectum of the mesencephalon is
not dorsally exposed, fully covered by the posterior ex-
pansion of the neopallium.
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Metencephalon: Dorsally, the metencephalon is the
narrowest region of the endocast. As in Palaeolama sp.,
the cerebellum is nearly half as wide as the cerebrum and
particularly short in comparison to the latter. The dorsal
surface of the cerebellum is covered by wide sinuses
which, together with the parietal/occipital suture, mask
its external features. The imprints of the petrosal bones
and the surrounding sinuses hide the cerebellar hemi-
spheres. Only the width of the vermis can be appreciated
and it represents half of the total width of the cerebellum.
The pons-medulla oblongata continuum is long and wid-
ens posterior to the cast of the petrosal bones (Fig. 4c).
The brainstem is particularly wide. Parafloccular lobes
project laterally, and the internal acoustic meatus is visi-
ble (Fig. 4e).

Cranial nerve exits: The pattern of cranial nerve exits
is completely accessible on LACM-4700-1 and strongly
resembles that of Lama and Camelus provided by Re-
pérant [1971a]. The optic chiasma lies shortly anterior to
the cast of the sphenorbital fissure where the cranial
nerves (CNs) IIL, IV, Vv1-2, and VI exit. The foramen ova-
le (exit of the mandibular division of the trigeminal nerve,
CN Vv3) is rather small and opens at the level of the pos-
terior margin of the pituitary. The pyriform fenestra is
twice as wide as the foramen ovale and lies just posterior
to it. It is connected to the jugular foramen (exit for CNs
IX, X, XI) by a continuous basicochlear fissure. The hypo-
glossal foramen (exit for CN XII) is a small opening lo-
cated on the lateral aspect of the brainstem, separated
from the jugular foramen by a deep depression.

Encephalization quotient: Here, based on dental mea-
surements (see online suppl. material, available at www.
karger.com/doi/10.1159/000528762), we estimate that C.
hesternus, had a body mass of ~825.9 kg, yielding an EQ
of 0.94 according to Jerison’s equation [Jerison, 1970]
(SD1).

Discussion

Camelops Affinities

The phylogenetic position of genus Camelops is cur-
rently debated as being either within the clade Lamini
(closer to Lama) or Camelini (closer to Camelus) (Fig. 1c).
Morphological phylogenetic analyses predominantly
place Camelops within the former [Harrison, 1979; Hon-
ey etal., 1998; Lynch et al., 2020], while genomic and pro-
teomic analyses place it within the latter [Baskin and
Thomas, 2016; Buckley et al., 2019]. The endocranial cast
of C. hesternus shows morphological similarities with the
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brain of extant Camelus (Camelini) and some with Vicug-
na (Lamini), to the exclusion of Lama (Lamini). Affinities
with Camelus include the shape and extent of the olfac-
tory bulbs and their relative proportion to the cerebrum.
Like Camelus, Camelops shows rather elongated olfactory
bulbs that do not about the anterior part of the cerebrum;
whereas in Lama and Vicugna, the olfactory bulbs are
stocky and closely opposed to the cerebrum (Fig. 5a-f).
In ectolateral morphology, which is a significant feature
of the dorsal neocortex for distinguishing Camelini and
Lamini [Reperant 1971], C. hesternus is also more similar
to Camelus. It has more transverse and oblique orienta-
tion of the ectolaterals compared to Lama and Vicugna
where the ectolaterals are more longitudinal (Fig. 5a-e).
The dorsoventral dimension of the prefrontal is similar
between C. hesternus and both Camelus and Vicugna. The
latter trait may be correlated with more forward-facing
orbits and the evolution of binocular vision in other
mammals [Barone and Belemlih, 1973]. Lastly, the super-
lative absolute size of the Camelops endocast (990 g)
would also suggest a closer relationship to the larger
brained Camelus (mean brain mass: 570-760 g) than to
the South American genera (mean brain mass: 192-276
g) [Jerison, 1971] (SD1 and Table 2). These traits may be
phylogenetically informative given a better assessment of
intraspecific variation.

Camelid Brain Evolution: Documented History from

Eocene to Present

The two new camelid endocasts described in this work
document the most recent part of the history of brain evo-
lution in Camelidae. The earliest known camelid, Proty-
lopus [Wortman, 1898] of the Eocene (~40 Mya), had a
small and simple neocortex restricted to the dorsal half of
its endocast [Edinger, 1966], and is considered to repre-
sent the primitive camelid brain condition [Orliac and
Gilissen, 2012] (Fig. 1a). It had an ovoid general shape
and four main longitudinal sulci that are considered in
the literature as “archaic” sulci [Repérant, 1971a]: the cor-
onal, suprasylvian (single branch), lateral, and entolateral
sulci. Throughout the Cenozoic, the camelid brain pro-
gressively enlarged, absolutely and relatively [Jerison,
1971], and increased neocortical folding of the lateral
brain as seen by the early Oligocene in Poebrotherium wil-
soni, which possessed anterior and posterior ectosylvian
sulci, a sylvian complex, a descending suprasylvian sul-
cus, presylvian sulcus and oblique sulcus 1 [Repérant,
1971a]. By the late Oligocene, the dorsal brain had further
evolved with the addition of an ectolateral sulcus as seen
in Poebrotherium labiatum [Scott and Jepsen, 1940]

Neocortical Evolution in Camelids

(Fig. 1a). During the Miocene, Protolabis and Procamelus
developed oblique sulci 2-3 in the posterior brain, while
the diagonal sulcus and sulcus X marked evolution of the
fronto-lateral region [Repérant, 1971a] (Fig. 1b).

Approximately one million years ago, Palaeolama sp.
(~1.2 Mya) presented the first observed occurrence
among camelids of the intercalaire and arched sulci
(Fig. 3). These features were previously observed only in
extant camelids and reflect an expansion of the surface
area of prefrontal and parietal neocortices, respectively.
The suprasylvian sulcus - primitive but variable among
camelids [Repérant, 1971b, a] - is more convoluted, with
anterior and lateral bifurcations in the anterior portion of
the endocast. Also novel at this time is the multi-branched
ectolateral sulcus of the dorsal neocortex, contrasting
with the single, rectilinear ectolateral sulcus observed in
Procamelus (Miocene), and earlier forms [Repérant,
1971a.

By the latter stages of the Pleistocene (~44 Kya - 11
Kya), C. hesternus displayed a denser and more complex
neocortical pattern than Palaeolama sp. We observe the
first occurrence of a second coronal sulcus branch - the
transverse coronal sulcus - just anterior to the original,
and a potential third branch between the coronal sulcus
and ansate (Fig. 4b), which we cannot confidently iden-
tify despite an extensive literature search. At this time,
anterior and descending branches of the suprasylvian sul-
cus converge with the ansate at a single point, more pos-
teriorly than in Palaeolama sp. Together with the broad-
er coronal system, this results in a larger, more complex
frontal neocortex. Repérant [1971] reported that extant
camelids had frontal regions three times larger than they
did ~11 Mya. C. hesternus appears to have attained a
comparable expansion of this area, if not more so (Fig. 5).
Further posteriorly, we see a striking difference in the ec-
tolateral sulcus morphology of C. hesternus compared to
Palaeolama sp. The sulcus becomes a system of densely
packed short furrows in a mix of horizontal and vertical
orientations (accessory ectolaterals), comparable to that
in modern camelids and most similar to Camelus (Fig. 5¢).
More peripherally, C. hesternus presents the first occur-
rence of the ascending anterior ectosylvian sulcus, a pos-
terior ectosylvian sulcus located higher on the endocast
and separated from the posterior rhinal fissure, and more
convoluted oblique sulci 2-3, which together indicate a
progressive expansion of the parietal neocortex, specifi-
cally of gyrus 2 (Fig. 4e). This region, also known as the
sylvian territory, includes areas bounded by the suprasyl-
vian sulcus (dorsally), oblique sulci (posteriorly), and the
presylvia sulcus (antero-ventrally) [Barone and Belemlih,
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1973]. The accessory sylvian complex is faint on the en-
docast of C. hesternus and we identify it with caution. This
would be, potentially, the first appearance of this feature
in camelids (Fig. 4e). One feature that apparently re-
mained consistent from the Miocene through the Pleisto-
cene is the general outline of the telencephalon: dorso-
ventrally deep at its caudal end and progressively shal-
lower towards its anterior (Fig. 3, 4). All three modern
genera, however, appear to have a more uniform dorso-
ventral height throughout the telencephalon. In summa-
ry, the frontal and parietal neocortices — regions known
for associative functions [Repérant, 1971a] - progressive-
ly expand in camelids during the last one million years.

Regarding quantitative aspects, we propose an earlier
start to the reported surge in encephalization in the cam-
elid lineage, as measured by EQs [Jerison, 1971; Kruska,
1980]. Jerison [1971] calculated a dramatic rise in camelid
encephalization beginning with C. hesternus in the late
Pleistocene, to modern times. Based on dental proxies, we
estimate that Palaeolama sp. had a body mass of ~264.5
kg, and C. hesternus, ~825.9 kg, yielding similar EQs for
both specimens: 0.90 for the former and 0.94 for the latter
[Jerison, 1970] (SD1). Given these data, and assuming a
generalized rate of brain size change across the camelid
lineage, the proposed leap in relative brain size increase
began minimally one million years earlier - in the middle
Pleistocene - than previously suggested.

Significance of Neocortical Evolution

Among Artiodactyla, Camelidae are recognizable by
the peculiar sulcal pattern of the anterior part of their neo-
cortex, cruciate, and intercalaire sulci and by the presence
of an arched sulcus and multiple ectolateral sulci [Re-
pérant, 1971a; Orliac et al. 2022]. Prior observations of
neocortical evolution in Eocene to Miocene camelids have
been described as a systemic evagination of the frontal
neocortex out of the sagittal plane, and a simultaneous in-
vagination of dorsal neocortex into the midline [Repérant,
1971a]. Both entolateral and lateral sulci are observable on
the dorsal neocortex in Eocene and Oligocene endocasts
(Fig. 1a, b). By the Miocene, only the lateral sulcus is vis-
ible but it is partially invaginated [Repérant, 1971a]. The
new fossils described here indicate that invagination per-
sisted in two different and geographically distinct camelid
taxa from two separate points during the Pleistocene. This
partial visibility of the lateral sulcus is also clearly evi-
denced all extant endocasts, supporting Repérant’s [1971]
theory of medially directed neocortical evolution in this
group [Repérant, 1971a]. However, it is worth noting that
C. hesternus still displays most of the lateral sulcus on the
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external surface (Fig. 4b). Regarding evagination of the
anterior-most part of the neocortex, it is mostly embodied
by the dorsal exposure of the intercalaire sulcus. The latter
is not visible in Procamelus but is present in both Paleola-
ma and Camelops. These observations in the fossil record
provide some support to Reperant’s [1971] theory of fron-
tal cortex evagination (extroversion out of the sagittal si-
nus) occurring in tandem with invagination of the poste-
rior dorsal neocortex [Repérant, 1971a, b].

Ontogenetic developmental work [Repérant, 1971a, p.
7] also provides some support for these evolutionary dy-
namics considered to be a phenomenon in camelids. Dis-
sections of extant camelid brains show dense fissuration
of the neocortex including the entolateral sulcus and oth-
er archaic sulci in the sagittal plane at different stages of
development [Repérant, 1971a]. Reportedly, the more
common pattern is neocortical expansion out of the sagit-
tal plane, ontogenetically and evolutionarily [Repérant,
1971a]. Brain growth encounters physical resistance later-
ally by the basal ganglia and medially by the corpus col-
losum [Repérant, 1971a; Striedter and Northcott, 2020]. It
plausible that differences in these mechanics were an im-
portant factor in the pattern of brain development in ca-
melids, leading to what some consider to be extraordinary
neocortical complexity of the camelid brain [Repérant,
1971a]. Further comparison of neocortical gyrification
across larger mammalian clades would be needed to sup-
port this last statement, and we do not provide those here.

Conclusions

The two Pleistocene camelid endocasts: that of Palae-
olama sp. from the mid-Pleistocene (~1.2 Mya) of South
America and C. hesternus from the late Pleistocene (~44
Kya to 11 Kya) of North America, document the first oc-
currences of neocortical features that are hallmarks of the
camelid brain. These are: an external exposure of the in-
tercalaire sulcus, arched sulcus, and complex pattern of
multiple ectolateral sulci. These features had been, so far,
only observed in modern taxa. The new fossil data pro-
vide support for Reperant’s [1971a, b] theory of frontal
cortex evagination occurring in tandem with invagina-
tion of the posterior dorsal neocortex during camelid
brain evolution. Regarding quantitative aspects, these
two endocasts suggest that a leap in relative brain size in-
crease began minimally one million years earlier — in the
middle Pleistocene - than previously suggested [Jerison,
1971]. Our knowledge of camelid brain history during the
Pleistocene remains very fragmentary and additional fossil
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evidence will allow the drawing of more accurate picture
of the recent history that led to the modern camelid brain
pattern. Yet, the endocast of C. hesternus indicates that by
~ 44 Kya to 11 Kya camelids had reached the “modern
stage” of relative brain size and neocortical complexity.
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