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1. Introduction

For approximately 75 years after its initial description (Granger,
1910), the early Eocene omomyoid Shoshonius cooperi was known
only from dentognathic remains (Szalay, 1976; Szalay and Delson,
1979). However, collecting in 1985e1991 by field crews from the
Carnegie Museum of Natural History at the Buck Springs Quarries
(Lostcabinian; ~50.5 Ma) yielded an abundance of new specimens
of Shoshonius, including cranial (Beard et al., 1991; Beard and
MacPhee, 1994) and postcranial (Dagosto et al., 1999) materials.
These new fossils led to a reassessment of the phylogenetic position
of Shoshonius and revealed that the taxon exhibits a mosaic of
primitive and derived features compared with extant haplorhines.
In particular, Shoshonius has been identified as sharing a suite of
derived cranial features with extant tarsiers, including overlap of
the auditory bulla by flanges of the basioccipital and alisphenoid,
narrowing of the basioccipital and basisphenoid between the left
and right auditory bullae, choanae that are narrow and dorsally
‘peaked,’ orbits that are very large relative to cranial size, and the
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presence of a ‘reduced snout’ (Beard et al., 1991; Beard and
MacPhee, 1994). These features raised the possibility that Omo-
myoidea is paraphyletic and that Shoshonius is more closely related
to extant tarsiers than are other omomyoids (Beard et al., 1991;
Beard and MacPhee, 1994). Nevertheless, other researchers have
pointed out that tarsiers and anthropoids share a number of
derived cranial features not seen in Shoshonius, including a post-
orbital septum that incorporates contact between the alisphenoid
and zygomatic, division of the auditory bulla into a tympanic cavity
proper and an anterior accessory cavity by a transverse septum, a
‘perbullar’ pathway for the internal carotid artery, and extreme
reduction or loss of the stapedial artery and canal (Cartmill and Kay,
1978; Cartmill, 1980; MacPhee and Cartmill, 1986; Ross, 1994; Kay
et al., 2008). Cladistic analyses of these cranial features either
recovered Shoshonius and other omomyoids as stem tarsiiforms
(Beard and MacPhee, 1994) or as stem haplorhines (Ross et al.,
1998). The known postcranial anatomy of Shoshonius is largely
primitive compared with living tarsiers (Dagosto et al., 1999; Boyer
et al., 2013) and thus provides little information regarding the
question of whether Shoshonius is more likely to be a stem tarsii-
form or a stem haplorhine. More recent phylogenetic analyses of
very large character-taxon matrices including both craniodental
and postcranial characters have favored the conclusion that
Shoshonius and other omomyoids are stem tarsiiforms (Seiffert
et al. 2010, 2018; Ni et al., 2013, 2016). If correct, these analyses
would imply that some of the derived cranial features shared by
extant tarsiers and anthropoids evolved in parallel.

Following the initial descriptions of cranial anatomy in Shosh-
onius (Beard et al., 1991; Beard and MacPhee, 1994), researchers
have used a variety of methods to provide additional information
about phylogenetically and functionally significant cranial features
in the taxon. Comparative analyses of orbit morphology in primates
demonstrated that Shoshonius has larger orbits than nocturnal
strepsirrhines of comparable cranial length (Kay and Kirk, 2000)
but is similar to extant strepsirrhines when orbit size is examined
relative to molar size (Heesy and Ross, 2001). A comparative
analysis of infraorbital foramen area in mammals revealed that
Shoshonius resembles other omomyoids and extant euarchontans
generally in possessing a relatively small infraorbital foramen
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(Muchlinski and Kirk, 2017). A preliminary report of the internal
cranial anatomy of Shoshonius based on mCT scans highlighted
several derived features shared with tarsiers, including the pres-
ence of an apical interorbital septum (AIOS) and a "very crowded
posterior nasal cavity, the posterior pole of which lies ventral to the
closely approximated orbits" (Rossie and Beard, 2004: 106A). Smith
and Rossie (2006: 154) subsequently noted that the AIOS of
Shoshonius “[takes] the place of the olfactory recess.” The first
analysis of semicircular canal morphology in Shoshonius based on
mCT scans revealed that the taxon lacks the very large canal radii of
curvature relative to body mass seen in extant tarsiers (Silcox et al.,
2009). This aspect of inner ear morphology is probably
Figure 1. Parasagittal cross sections through the nasal cavities of: A) Shoshonius cooperi (
bushbaby (Galago zanzibaricus, MCZ 38912); D) saddleback tamarin (Saguinus fuscicollis, MCZ
either poorly preserved or missing in CM 31366. For extant taxa (BeD), only the right na
turbinals. In Shoshonius (A), the ethmoturbinals and interturbinal in the right nasal fossa a
medial faces of these turbinals. However, the maxilloturbinal figured for Shoshonius is the
facilitate comparisons with extant taxa. The cut margin of the olfactory recess is shown as a d
red line in A. The boundaries of the olfactory recess and endocranial cavity in CM 31366
renderings of the scan in Avizo. Abbreviations and symbols: OF ¼ olfactory fossa (distorte
the cribriform plate (approximate in Shoshonius); blue asterisk in A, B, D ¼ location of the ap
(bilaminar with an intervening space). Scale bars ¼ 5 mm. (For interpretation of the referenc
plesiomorphic and is consistent with the absence of derived post-
cranial adaptations for vertical clinging and leaping in Shoshonius
(Dagosto et al., 1999; Boyer et al., 2013). Similarly, mCT-based
quantification of cross-sectional areas of canals for the intra-
tympanic branches of the internal carotid artery demonstrated that
Shoshonius lacks the derived extreme reduction or loss of the sta-
pedial canal seen in extant haplorhines (Boyer et al., 2016). Most
recently, Rossie et al. (2018) used mCT scans to quantify the orien-
tation of the nasolacrimal canal (NLC) in both living and fossil
primates. This analysis revealed that Shoshonius resembles extant
haplorhines and differs from the omomyoids Microchoerus and
Rooneyia in possessing a vertically oriented NLC. Although living
CM 31366); B) western tarsier (Cephalopachus bancanus, USNM 317189); C) Zanzibar
15324). Nasoturbinals and frontoturbinals are not labeled because these structures are

sal fossa is shown, with the view looking laterally toward the medial surfaces of the
re figured, with the surrounding matrix and bone rendered translucent to expose the
better-preserved left maxilloturbinal, which was mirrored into the right nasal fossa to
ashed black line in A and C. The cut margin of the endocranial cavity is shown as a solid
were traced manually in Adobe Illustrator based on our observations of slice-by-slice
d by crushing in Shoshonius); TO ¼ tubus olfactorius; red arrow ¼ anterior margin of
ical interorbital septum; purple asterisk in C ¼ narrowest part of the interorbital region
es to color in this figure legend, the reader is referred to the Web version of this article.)



Figure 2. Three-dimensional rendering of digitally segmented turbinals in the right (ethmoturbinals IeIV, interturbinal) and left (maxilloturbinal, ethmoturbinal IV) nasal fossae of
the Shoshonius cooperi specimen CM 31366: A) right lateral; B) left lateral; C) anterior; D) superior views. All turbinals shown in situ with the surrounding matrix and bone removed.
Scale bar ¼ 1 mm.
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primates demonstrate some lability in this feature, the condition
seen in Shoshonius and crown haplorhines is clearly derived
compared with both strepsirrhines and nonprimate euarchontans
(Rossie and Smith, 2007; Rossie et al., 2018; Lundeen and Kirk,
2019).

Taken as a whole, observations of cranial anatomy in Shoshonius
made since the initial descriptions by Beard and colleagues (Beard
et al., 1991; Beard and MacPhee, 1994) provide only limited new
information regarding the phylogenetic affinities of the taxon.
Although the lack of extreme reduction of the stapedial canal favors
the hypothesis that Shoshonius is not a crown haplorhine, the
presence of an AIOS and a vertical NLC are consistent with either
stem haplorhine or stem tarsiiform status. We examined mCT scans
of four Shoshonius crania that were made at higher resolution than
those used for the preliminary report1 of Rossie and Beard (2004).
Although all four crania are damaged to varying degrees, these
scans provide important new details regarding the internal cranial
anatomy of Shoshonius. Here, we assess the anatomy of the nasal
cavity and interorbital region of these specimens with the specific
goal of determining whether Shoshonius exhibits derived features
shared with either crown Haplorhini or crown Tarsiiformes.
1 Based on mCT scans with ~30-mm resolution.
2. Materials and methods

Crania CM 31367 and CM 60494 of S. cooperi were scanned at
the University of Texas High-Resolution X-Ray Computed Tomog-
raphy Scanning Facility (UTCT) in Austin, Texas, USA. Both scans
were made using a North Star Imaging scanner with a Fein Focus
High Power source at 130 kV and 0.14 mA. The resulting scans have
15.7 mm isometric voxels. Crania CM 31366 and CM 60493 were
scanned at Duke University's Shared Materials Instrumentation
Facility in Durham, North Carolina, USA. All scans of these speci-
mens were made using a Nikon XTH 225 ST scanner. Initial scans at
145 kV and 0.067 mA yielded resolutions of 14.3 mm for CM 31366
and 12.8 mm for CM 60493. After the identification of turbinals in
CM 31366, the rostrum of this specimen was rescanned at 120 kV
and 0.074 mA to yield a scanwith 8.9 mm isometric voxels. All scans
of Shoshonius and additional scanning parameters are available for
download from MorphoSource at https://www.morphosource.org/
(see Supplementary Online Material [SOM] Table S1). Extant taxa
depicted here were downloaded from MorphoSource (SOM
Table S1).

Data sets for each cranium were rendered as 3D volumes in
Avizo version 8.1 (Visualization Sciences Group, Berlin). Images of
turbinals in Shoshonius shown in Figures 1e4 are derived from the
8.9 mm resolution scan of CM 31366. Turbinals of this specimen
were manually segmented in each slice using the brush tool. Bony
nasal structures in extant taxawere segmented using the brush tool
to select the approximate nasal cavity space occupied by the

https://www.morphosource.org/
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structure and then the thresholding tool to select only the grayscale
values representing bone. Figures were created using Adobe Illus-
trator CS6 version 16.0.1 and Adobe Photoshop version 12.0.1
(Adobe Inc., San Jose). Terminology and criteria for demarcating
structures of the nasal cavity follow Lundeen and Kirk (2019) and
references therein (primarily Smith and Rossie, 2008).
3. Results and discussion

3.1. Specimen condition

The nasal cavities of CM 31367 (SOM Fig. S1) and CM 60493 are
transversely compressed, and the turbinals are highly comminuted.
As a result, some turbinal basal laminae are identifiable along the
lateral walls of the nasal fossae in CM 31367 and CM 60493, but
these specimens provide little useful information regarding turbi-
nal morphology. The nasal cavity of CM 60494 (SOM Fig. S2) is
obliquely crushed and distorted so that the upper surface of the
nasal cavity exhibits a rightward lateral shift relative to the floor of
the nasal cavity and palate. The posterior-most nasal cavity,
including the olfactory recess, is badly damaged by crushing and
several large cracks, and the interorbital septum and orbitosphe-
noid are partly destroyed by a zone of apparent chemical weath-
ering that passes obliquely through the specimen. However, the
nasal cavity of CM 60494 includes portions of the olfactory turbi-
nals (sensu Lundeen and Kirk, 2019) and their primary laminae, the
nasal septum, and the transverse lamina. Among the olfactory
turbinals, ethmoturbinal I and the nasoturbinal are most readily
identifiable. CM 60494 is also the only specimen with a cribriform
plate that is largely intact.

Uniquely among the specimens analyzed here, crushing of CM
31366 occurred primarily in a dorsoventral direction. As a result,
the braincase of CM 31366 is highly distorted and flattened, but the
nasal and interorbital regions were spared the transverse crushing
that obscures the anatomy of these regions in CM 60493 and CM
31367. Damage to the nasal cavity and interorbital region in CM
31366 primarily consists of dorsoventral foreshortening associated
with collapse of the olfactory fossa, a right lateral shift of the roof of
the nasal cavity, and buckling of the nasal septum, interorbital
septum, and lateral walls of the nasal fossae. Nevertheless, the nasal
cavity of CM 31366 exhibits the best turbinal preservation of the
Shoshonius crania examined here (Figs. 1e4). The right nasal fossa
contains large portions of ethmoturbinals IeIV and interturbinal I,
including their basal laminae and contacts with the lateral wall. It
should be noted, however, that none of these turbinals are pre-
served in their entirety, and the anterior portion of ethmoturbinal I
is clearly missing. The olfactory turbinals are poorly preserved in
the left nasal fossa, although a large segment of the posterior
portion of ethmoturbinal IV is preserved in situ within the olfactory
recess (Fig. 3G, H; SOM Fig. S3). Damage to the superior nasal cavity
has also destroyed much of the nasoturbinals and cribriform plate.
Figure 3. Successive coronal cross sections through the nasal fossa of the Shoshonius cooper
1137; D) 1065; E) 968; F) 904; G) 727; H) 678; I) 485. The full scan (https://doi.org/10.176
arrows in G, H ¼ transverse lamina forming the floor of the olfactory recess; yellow arrow
better-preserved left maxilloturbinal is highlighted in red in BeF. Although the left maxil
scrolled cross section of this turbinal is clearly visible in CeF. Right ethmoturbinal (ET) I is hi
so it is not possible to determine if this turbinal had an enclosed, bullar (blister- or bubble-sh
in most strepsirrhines (Lundeen and Kirk, 2019), ET I is positioned anterior and ventral to E
bullar anterior margin of ET II is visible in B. At its posterior end (D), the primary lamina of rig
pink in CeD. The preserved portion of the right interturbinal is a simple scroll located dors
preserved right interturbinal of Shoshonius does not extend as far medially into the nasal
highlighted in blue in CeF. At least part of right ET III has a double-scrolled cross section, wi
highlighted in lighter green in EeH, and left ET IV is highlighted in darker green in GeH. At l
both turbinals are positioned dorsal to the transverse lamina (white arrows) in GeH. Scale ba
is referred to the Web version of this article.)
The maxilloturbinal is present bilaterally, but is best preserved in
the left nasal fossa and is detached and translated medially in the
right nasal fossa.

3.2. Turbinal number and morphology

The crania examined here provide unequivocal evidence that
each nasal fossa of Shoshonius contained at least 4 ethmoturbi-
nals, 1 maxilloturbinal, 1 nasoturbinal, and 1 interturbinal. In this
respect, Shoshonius is primitive, as the last common ancestors of
both Euarchonta and Primates probably possessed 4e5 ethmo-
turbinals, 1 maxilloturbinal, 1 nasoturbinal, 1 interturbinal, and 2
frontoturbinals (Lundeen and Kirk, 2019). Although the number
and disposition of frontoturbinals is unknown in Shoshonius due
to damage in the specimens examined here, it is clear that
Shoshonius lacks the derived reduction in olfactory turbinal
number shared by extant haplorhines (Figs. 1, 4; Smith and Rossie,
2006; Lundeen and Kirk, 2019). Living tarsiers and anthropoids
are highly distinctive among mammals in retaining (at most) only
2 ethmoturbinals, 1 nasoturbinal, and 1 maxilloturbinal in each
nasal fossa. Accordingly, all frontoturbinals, the interturbinal, and
2e3 ethmoturbinals are most parsimoniously interpreted as
having been lost in the haplorhine stem linage (Lundeen and Kirk,
2019).

Furthermore, CM 31366 demonstrates that at least one turbinal
(ethmoturbinal II) had a bullar anterior margin (Fig. 3B)da primi-
tive morphology that is shared with tarsiers but is lost in extant
anthropoids (Lundeen and Kirk, 2019). Damage to the remaining
ethmoturbinals makes it impossible to assess whether they also
exhibited bullar anterior margins. CM 60494 also reveals that at
least some of the olfactory turbinals of Shoshonius directly con-
tacted the cribriform plate at their posterosuperior margins (SOM
Fig. S2B). In this respect, Shoshonius is plesiomorphic and differs
from extant haplorhines, which (with the exception of Aotus) lack
direct contact between their olfactory turbinals and the cribriform
plate (Lundeen and Kirk, 2019). Nevertheless, the olfactory turbi-
nals of Shoshonius are distinctive in having primary laminae that
are obliquely oriented, with the anterior end of the primary lamina
substantially more dorsally positioned than the posterior end. A
similar orientation of the olfactory turbinal primary laminae is seen
in some extant haplorhines (e.g., Procolobus badius and Hylobates
lar; Lundeen and Kirk, 2019). By comparison, most extant strep-
sirrhines have olfactory turbinal primary laminae that are obliquely
oriented, but with the posterior end of the primary lamina sub-
stantially more dorsally positioned than the anterior end (Lundeen
and Kirk, 2019).

3.3. Olfactory recess

The olfactory recess of Shoshonius is a blind cul-de-sac in the
posterosuperior nasal cavity. In terms of its anatomy, position, and
i specimen CM 31366 (indicated in J). Slices shown are as follows: A) 1249; B) 1222; C)
02/M2/M56827) is available for download at https://www.morphosource.org/. White
in I ¼ apical interorbital septum. White asterisk in GeI ¼ nasopharyngeal meatus. The
loturbinal is dorsoventrally compressed and has a damaged anterior margin (B), the
ghlighted in orange in AeE. The anterior end of right ET I is also clearly damaged (A, B),
aped) anterior margin as in nonanthropoid euarchontans (Lundeen and Kirk, 2019). As
Ts IIeIV (CeE). Right ET II is highlighted in yellow in BeD. A cross section through the
ht ET II merges with the primary lamina of ET I. The right interturbinal is highlighted in
al to ET II and ventral to ET III. Like other interturbinals (Lundeen and Kirk, 2019), the
cavity as the ETs. Right ET III, which is located dorsal to ET II and ventral to ET IV, is
th separate dorsal and ventral scrolls attached to the primary lamina (E). Right ET IV is
east the posterior portion of ET IV was bilaterally housed within the olfactory recess, as
r ¼ 2 mm. (For interpretation of the references to color in this figure legend, the reader

https://doi.org/10.17602/M2/M56827
https://www.morphosource.org/


Figure 4. Medial view of olfactory turbinals in the right nasal fossa of selected small primates, including Shoshonius and tarsiers (top row), strepsirrhines (middle row), and
anthropoids (bottom row). Scans of extant taxa were downloaded from MorphoSource (SOM Table S1). Specimens: Shoshonius cooperi, CM 31366; Cephalopachus bancanus, USNM
317189; Tarsius tarsier, USNM 200279; Galago zanzibaricus, MCZ 38912; Microcebus murinus, AMNH 185621; Loris tardigradus, BAA 0006; Saguinus fuscicollis, MCZ 15324; Leon-
topithecus rosalia, AMNH 235274; Saimiri oerstedii, MCZ 10131. Nasoturbinals and frontoturbinals are not shown because these structures are either poorly preserved or missing in
CM 31366. Scale bars ¼ 1 mm.
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relationships with surrounding structures, the olfactory recess of
Shoshonius is broadly similar in morphology to that of extant
strepsirrhines, dermopterans, and scandentians (Lundeen and Kirk,
2019). It is located between the anterior cranial fossa superiorly and
the nasopharyngeal meatus inferiorly. As in living nonhaplorhine
euarchontans, the olfactory recess contains the posterior portion of
ethmoturbinal IV and is separated from the nasopharyngeal meatus
by a transverse bony lamina (Figs. 1 and 3; SOM Fig. S3; Lundeen
and Kirk, 2019). Although the olfactory recess is visible in CM
31367 and CM 60494 (SOM Figs. S1 and S2), it is best preserved in
CM 31366 (Figs. 1 and 3; SOM Fig. S3). In this latter specimen, the
olfactory recess is about 2.1 mm in total anteroposterior length, or
~8.6% of the preserved cranial length (25.3 mm). However, this
percentage is approximate because the anterior margin of the
transverse lamina is incomplete, and total cranial length would be
slightly greater in an undamaged specimen (~27.8e29.2 mm; Beard
et al., 1991). Shoshonius is clearly plesiomorphic compared with
extant haplorhines in retaining an olfactory recess. Indeed, an
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olfactory recess housing ethmoturbinal IV (and often including
portions of additional olfactory turbinals as well) occurs in all
extant euarchontans except tarsiers and anthropoids, which lack an
olfactory recess and ethmoturbinal IV (Smith and Rossie, 2006;
Lundeen and Kirk, 2019).
3.4. Interorbital septum and olfactory fossa

All specimens of Shoshonius examined here exhibit an AIOS
(sensu Cartmill, 1972 and Ross, 1994) between the medial apices of
the left and right orbits (Fig. 3; SOM Fig. S1). As in many small-
bodied extant haplorhines, the AIOS of Shoshonius consists of a
single lamina of bone located posterior to the nasal cavity, anterior
to the optic foramina, and inferior to the anterior cranial fossa.
Contrary to the preliminary descriptions of this region based on
lower resolution mCT scans (Rossie and Beard, 2004; Smith and
Rossie, 2006), the greatest approximation between the orbits lies
posterior to the olfactory recess (Fig. 1; SOM Fig. S1), and the AIOS
does not replace the olfactory recess. Shoshonius thus differs from
extant strepsirrhines and nonprimate euarchontans, which lack an
AIOS (Ross, 1994). Although some small extant strepsirrhines
exhibit a narrowing of the interorbital region immediately anterior
to the optic foramina (e.g., Galago zanzibaricus in Fig. 1C; Simons
and Rasmussen, 1989), such narrowings are bilaminar and differ
fundamentally in both extent and morphology from the haplorhine
AIOS (Ross, 1994; E.C.K., pers. obs.). These observations suggest that
the AIOS of Shoshoniusmay be a derived feature shared with extant
haplorhines. Nevertheless, the AIOS of Shoshonius is proportionally
smaller than those of living tarsiers and small anthropoids. The
total anteroposterior length of the AIOS is 1.2 mm in CM 60493 and
1.3 mm in CM 31366, or ~4.2e4.4% of cranial length. The AIOS is
best preserved in CM 31367 (SOM Fig. S1), in which it measures
1.8 mm in estimated dorsoventral height and 1.9 mm in ante-
roposterior length (i.e., 6.5e6.8% of the cranial length). By com-
parison, the AIOS of USNM 317189 (Fig. 1; Cephalopachus bancanus)
is typical for tarsiers. It consists of a bilaminar anterior portion
3.0 mm in anteroposterior length and a unilaminar posterior
portion 5.3 mm in anteroposterior length. The unilaminar portion
alone comprises 13.6% of total cranial length. Similarly, the AIOS of
MCZ 15324 (Fig. 1D; Saguinus fuscicollis) is typical for callitrichines,
measuring 7.8 mm in anteroposterior length or 13.6% of the total
cranial length. Accordingly, as a percentage of cranial length, the
AIOS of Shoshonius appears to be approximately half the size of that
found in extant small haplorhines.

The olfactory fossa of Shoshonius, which in life accommodated
the olfactory bulbs, was located dorsal to the olfactory recess and
posterior olfactory turbinals (Fig. 1; SOM Figs. S1 and S2). In this
respect, Shoshonius is similar to extant strepsirrhines and non-
primate euarchontans (Lundeen and Kirk, 2019). Although the ol-
factory fossa in Shoshonius may differ from these taxa in extending
anterior to the olfactory recess, the degree of any such a forward
projection of the olfactory fossa is obscured by damage to the
specimens examined here. Nevertheless, it is clear that Shoshonius
lacked the derived condition observed in living tarsiers, in which
the olfactory fossa is displaced posteriorly and lies dorsal to the
AIOS (Fig. 1B). As a result, the tarsier olfactory fossa is connected to
the posterosuperior nasal cavity by a long and narrow ‘tubus
olfactorius’ containing the olfactory nerves (Cartmill, 1972; Starck,
1984). The cribriform plate of tarsiers lies at the anterior termi-
nus of the tubus olfactorius, dorsal to ethmoturbinal II (Fig. 1B;
Lundeen and Kirk, 2019). By comparison, the cribriform plate of
Shoshonius forms the anterior floor of the olfactory fossa, as in most
other mammals (Fig. 1; SOM Fig. S2).
4. Conclusions

The nasal cavity and interorbital region of Shoshonius exhibit a
number of key features that are probably plesiomorphic for pri-
mates, including the presence of 4 ethmoturbinals and 1 inter-
turbinal in each nasal fossa, direct contact between the olfactory
turbinals and cribriform plate, and the presence of an olfactory
recess containing ethmoturbinal IV. These primitive features are
noteworthy because extant haplorhines share the derived loss of all
but 2 ethmoturbinals, loss of the interturbinal, loss of direct contact
between the olfactory turbinals and the cribriform plate, and loss of
the olfactory recess. Shoshonius further differs from living tarsiers
in lacking the derived tubus olfactorius and posterior displacement
of the olfactory fossa despite having very large orbits for its cranial
size (Beard et al., 1991; Kay and Kirk, 2000). These attributes pro-
vide additional support for the hypothesis that Shoshonius is not a
crown haplorhine (Ross, 1994; Kay et al., 2008). Indeed, extant
tarsiers and anthropoids share a constellation of derived features of
the nasal fossa, orbit (postorbital septum), middle ear (anterior
accessory cavity and transverse septum), and cranial circulation
(‘perbullar’ internal carotid path, extreme reduction or loss of the
stapedial canal) that are demonstrably absent in Shoshonius.
Nevertheless, Shoshonius resembles small extant haplorhines in
possessing a unilaminar AIOS. This derived feature is absent in at
least one Eocene primatedRooneyia viejaensisdthat has tradi-
tionally been classified as an omomyoid (Ross, 1994; Kirk et al.,
2014; Lundeen and Kirk, 2019). Combined with the observation
that Shoshonius (but not Rooneyia) also possesses a vertical NLC
(Rossie et al., 2018), the AIOS of Shoshonius adds further weight to
the argument that Omomyoidea is paraphyletic (Beard et al., 1991;
Beard and MacPhee, 1994; Ross, 1994; Kay et al., 2008). These ob-
servations favor a reinterpretation of the various cranial character
states shared by Shoshonius and extant tarsiers (Beard and
MacPhee, 1994). If Shoshonius is a stem haplorhine that is more
closely related to crown haplorhines than other omomyoids, then
features such as ‘peaked’ choanae and basioccipital and basi-
sphenoid bullar flanges may initially have evolved in the hap-
lorhine stem lineage and subsequently been lost in the anthropoid
stem lineage. Alternatively, these features may have evolved
independently in Shoshonius and extant tarsiers. Regardless of
these questions regarding the sequence of character evolution, the
preponderance of newly available evidence based on mCT data
presented here and in other studies (Boyer et al., 2016; Rossie et al.,
2018) provides robust support for the conclusion that Shoshonius is
a stem haplorhine and not a stem tarsiiform.
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