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ABSTRACT—Living mammals are distinguished from other extant tetrapods by adaptations for improved senses of hearing,
touch, and smell. These adaptations, and concomitant reductions in visual anatomy, evolved during the Mesozoic in the
mammalian and therian stem lineages. Here, we present a comparative study of the sensory anatomy of the Late Cretaceous
gondwanatherian mammaliaform Vintana sertichi in order to draw inferences regarding its sensory abilities and sensory
ecology. Our analyses demonstrate that Vintana has relatively large orbits that may have accommodated large eyes. Vintana
also possessed cochlear primary and secondary osseous laminae and a cochlear canal that was relatively longer than in non-
mammaliaform cynodonts but shorter than in extant therians. These features suggest that Vintana had some capacity for
high-frequency hearing (i.e., >20 kHz), but that its cochlea may have encoded a more limited range of frequencies than the
cochleas of most extant therians. The semicircular canals of Vintana have large radii of curvature and are nearly orthogonal,
suggesting high sensitivity to angular head accelerations. These vestibular features may have evolved in order to stabilize
large eyes during rapid and/or agile locomotion. Combined with evidence for large olfactory bulbs and a large trigeminal
endocast, these data reveal that Vintana possessed a unique suite of sensory adaptations that distinguish it from other
Mesozoic mammaliaforms. If these inferences are correct, then Vintana was probably a large-eyed and agile species, with a
keen sense of smell and better high-frequency hearing than most other Mesozoic mammaliaforms.

SUPPLEMENTAL DATA—Supplemental materials are available for this article for free at www.tandfonline.com/UJVP

INTRODUCTION

Adaptive scenarios for the evolution of mammalian senses
during the Mesozoic have long emphasized a key role for three
interrelated characteristics: (1) small body size; (2) an insectivo-
rous diet; and (3) a nocturnal diel activity pattern (Walls, 1942;
Young, 1962; Crompton et al., 1978; Heesy and Hall, 2010;
Gerkema et al., 2013). Nocturnality in particular is suggested to
have favored a reduction in mammaliaform visual dependence
during the Mesozoic and to have provided concomitant selection
pressure for improved senses of hearing, touch, and smell (Walls,
1942; Polyak, 1957; Jerison, 1973; Carroll, 1988; Allman, 2000).
Indeed, it is presumably during the Mesozoic that stem mammals
lost a number of plesiomorphic features of the tetrapod visual
system, such as scleral ossicles, a squeezing mechanism of accom-
modation, and the functionality of the RH2 cone opsin gene
(Walls, 1942; Bowmaker, 2008; Heesy and Hall, 2010; Gerkema
et al., 2013). Scleral cartilage and the functionality of the SWS2
cone opsin gene were subsequently lost in the therian stem line-
age (Bowmaker, 2008; Zeiss et al., 2011). Loss of visual struc-
tures is most pronounced in placental mammals, which lack the
cone oil droplets and double cones retained in living monot-
remes and marsupials (Bowmaker, 2008; Zeiss et al., 2011). Fur-
thermore, it is probably also during the Mesozoic that the
ancestors of living therians evolved tactile vibrissae, expanded
high-frequency hearing, and a substantially increased number of
olfactory receptor genes (Huber, 1930; Fay, 1988; Manley and
K€oppl, 1998; Heffner, 2004; Vater et al., 2004; Nei et al., 2008;

Niimura, 2012; Grant et al., 2013). Although a strict interpreta-
tion of this broad evolutionary scenario has been called into
question (Davies et al., 2012), most comparative data support
the hypothesis that the evolution of mammalian sensory systems
was profoundly influenced by a ‘nocturnal bottleneck’ during the
Mesozoic (Walls, 1942; Heesy and Hall, 2010; Hall et al., 2012;
Gerkema et al., 2013).
The subject of this paper is Vintana sertichi, a sudamericid

gondwanatherian mammal from the Late Cretaceous of Mada-
gascar (Krause et al., 2014). In stark contrast to the reconstruc-
tions of most Mesozoic mammaliaforms as small-bodied
insectivores (Lillegraven et al., 1979; Kielan-Jaworowska et al.,
2004; Meng et al., 2006; Smith et al., 2010), Vintana was clearly
much larger and primarily, if not strictly, herbivorous (Krause
et al., this volume; Schultz et al., this volume). Repenomamus, as
the largest known Mesozoic mammaliaform, also stands as an
exception, but it was faunivorous (Hu et al., 2005). Although its
activity pattern is unknown, Vintana also differed from many
other Mesozoic taxa in having large orbits (Krause et al., this
volume). These observations in turn suggest that the sensory
anatomy and ecology of Vintana may have diverged from that of
most Mesozoic mammaliaforms. This possibility may be assessed
using comparative methods (Harvey and Pagel, 1991; Nunn,
2011), which provide an avenue for reconstructing some sensory
adaptations of fossil species (Kay and Cartmill, 1977; Kirk and
Kay, 2004; Kirk and Gosselin-Ildari, 2009; Silcox et al., 2009;
Muchlinski et al., 2010; Coleman and Boyer, 2012). If relation-
ships between bony anatomy, function, and ecology can be con-
vincingly established using an extant comparative sample, then
these relationships may be used to draw inferences regarding
the sensory abilities or ecology of fossil species that preserve the
relevant anatomical details.*Corresponding author.
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The goal of this contribution is to present a comprehensive
account of the sensory anatomy and sensory ecology of Vintana
sertichi, based exclusively on the holotypic and only known spec-
imen—a nearly complete and well-preserved cranium (Krause
et al., 2014). Gondwanatherians were previously known only
from isolated teeth and a few fragmentary dentaries, thus
severely limiting inferences concerning the paleobiology of the
clade. In particular, we focus on preserved details of Vintana’s
visual, somatosensory, auditory, and vestibular systems. Because
most features of sensory anatomy are influenced by body size
(Kay and Kirk, 2000; Spoor et al., 2007; Kirk and Gosselin-Ildari,
2009; Muchlinski et al., 2010), we first estimate the body mass of
Vintana using cranial dimensions. Second, we measure orbital
size as an indicator of eye size and examine the relationship
between orbital size and activity pattern in mammals (Kay and
Cartmill, 1977; Kay and Kirk, 2000). Third, we quantify infraor-
bital canal cross-sectional area as a correlate of infraorbital nerve
size and an indicator of rostral mechanoreception (Muchlinski,
2008a, 2010a). Fourth, we measure cochlear canal length and
explore its implications for understanding the hearing abilities of
Vintana (Echteler et al., 1994; Vater et al., 2004; Manley, 2012).
Finally, we quantify both the radius of curvature and degree of
orthogonality of the semicircular canals in order to assess
Vintana’s sensitivity to angular head accelerations (Spoor et al.,
2007; Malinzak et al., 2012; Berlin et al., 2013). The bony anat-
omy of the nasal fossa, size of the olfactory bulbs, and internal
anatomy of the cochlear canal are described elsewhere (Krause
et al., this volume; Hoffmann et al., this volume). Accordingly,
in this analysis we address the implications of Vintana’s olfactory
and internal cochlear anatomy in the Discussion and Conclusions
sections.
Institutional Abbreviations—AMNH, American Museum of

Natural History, New York, U.S.A.; UA, Universit�e
d’Antananarivo, Antananarivo, Madagascar.

METHODS

Cranial Size and Body Mass

In order to make comparisons across a broad range of head
and body sizes, we quantified cranial size for UA 9972, the holo-
typic and only known specimen of Vintana sertichi, by calculating
the geometric mean of maximum cranial length and width
(square root of [cranial length £ cranial width]; Mosimann, 1970;
Jungers, 1985). Cranial length was measured as the linear dis-
tance from the anterior-most point on the premaxilla to the pos-
terior-most point on the occipital condyles. Cranial width was
measured as the linear distance between the lateral-most mar-
gins of the left and right zygomatic arches. Due to deformation
of the specimen, both measurements were independently
recorded by two authors (E.C.K. and D.W.K.) using a combina-
tion of direct digital caliper measurements and measurements of
calibrated digital photographs and then averaged. The value that
we report for cranial width attempts to compensate for forward
translation of the posterior root of the left zygomatic arch. Final
estimated cranial dimensions for the Vintana holotype cranium
are cranial length D 124.1 mm, cranial width D 83.4 mm, and
cranial size D 101.7 mm.
These cranial measurements were subsequently used to esti-

mate body mass based on comparable cranial size metrics pro-
vided in Muchlinski (2008b, 2010b) for 418 extant mammal
species from 20 therian orders (Supplemental Data Table S1).
Adult body masses for these species were taken from Smith and
Jungers (1997) for primates and from Silva and Downing (1995)
for non-primate mammals. For primates, we gave preference to
values derived from (1) wild populations and (2) larger sample
sizes (Smith and Jungers, 1997). For non-primate mammals, we
gave preference to values reported as the mean of multiple indi-
viduals (Silva and Downing, 1995). Preference was also given to
entries that listed separate male and female means, which were

FIGURE 1. Relationship between cranial
size and body mass in 418 extant therian
species. Cranial size was measured as the
geometric mean of cranial length and
width in mm. Least-squares regression: y D
3.4347506x – 5.943518; P < 0.0001; r2 D 0.973.
Cranial sizes of extant species from Muchlin-
ski (2008b, 2010b). Body masses of extant
species from Silva and Downing (1995) and
Smith and Jungers (1997). All data provided
in Supplemental Data Table S1.
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then averaged. If multiple entries fit these criteria, these values
were averaged for a given species (Silva and Downing, 1995). If
no entries fit these criteria, we used mean reported values not
separated by sex (Silva and Downing, 1995). To estimate body
mass, a least-squares regression was fit to a bivariate plot of log10
Cranial Size (x-axis) versus log10 Body Mass (y-axis) for all 418
extant species (Fig. 1). This regression is significant (P < 0.0001),
with an r2 value of 0.973, a slope of 3.4347506 (95% confidence
interval D 3.380015 to 3.4894863), and a y-intercept of
¡5.943518 (95% confidence interval D ¡6.037849 to ¡5.849188).
These empirically derived estimates of slope and y-intercept
were used to derive lower, mean, and upper estimates of body
mass for Vintana with the following equations:

Lower estimate : log10Body Mass

D .3:380015£ log10Cranial Size/¡ 6:037849

Mean estimate : log10Body Mass

D .3:4347506£ log10Cranial Size/¡ 5:943518

Upper estimate : log10Body Mass

D .3:4894863£ log10Cranial Size/¡ 5:849188

Orbital Diameter

Measurements of orbital diameter were taken using digital cal-
ipers. Orbital diameter was measured in the coronal plane as the
linear distance between the dorsal-most surface of the zygomatic
arch and the presumptive site of attachment for the postorbital
ligament on the frontal bone (Fig. 2). Due to deformation of the
specimen and asymmetrical distortion of the left and right orbits,
multiple measurements were taken for orbital diameter bilater-
ally to produce a range of probable values. These measurements
yielded a final estimated range of orbital diameters for Vintana
of 30–32 mm. These low and high estimates of orbital diameter
for Vintana were subsequently compared with morphometric
data for living mammals in bivariate plots of log10 Cranial Size
(x-axis) versus log10 Orbital Diameter (y-axis) (Figs. 3, 4). The
extant comparative sample includes cranial morphometric data
for 350 species from 14 therian orders provided in Kirk (2003)
and Heesy (2003). These published data were augmented by
measurements taken from adult crania of the platypus (Ornitho-
rhynchus anatinus) and short-beaked echidna (Tachyglossus acu-
leatus) using digital calipers (Supplemental Data Table S2). Data
on diel activity pattern follow Nowak (1991), Kirk (2003, 2006a),
and Hall et al. (2012). Due to poor preservation of the orbital
apices, we were unable to collect comparative measurements of
optic foramen area (see Hoffmann et al., this volume).

Infraorbital Canal Area

Infraorbital canal area was measured using high-resolution X-
ray computed tomographic (mCT) scans (for scan details, see
Krause et al., this volume). The holotypic cranium of Vintana
(UA 9972) has two infraorbital foramina bilaterally: a larger
foramen located ventrally and a smaller foramen located ca.
8 mm dorsal to the larger foramen. The presence of multiple
infraorbital foramina is a common variant among extant therian
mammals (Muchlinski, 2008b), as well as in several Mesozoic
mammaliamorphs (Sinoconodon, Morganucodon, Megazostro-
don, Haldanodon, Hadrocodium, Juchilestes, Zhangheotherium,
Dryolestes, Vincelestes) and non-mammaliamorph cynodonts
(Krause et al., this volume). In Vintana, each infraorbital fora-
men is the outlet of a separate canal. Deformation of the cra-
nium has nearly obliterated the left ventral canal and precludes
accurate determination of the area of the right dorsal canal.

However, portions of the remaining canals are preserved, and
thus canal cross-sectional area was measured for the right ventral
canal 2.9 mm from its outlet and the left dorsal canal 8.3 mm
from its outlet. Because these sections of both canals are approx-
imately elliptical in cross-section, canal area was quantified by
measuring the greatest canal diameter (i.e., the ellipse major
axis) and the maximum canal diameter perpendicular to the
greatest canal diameter (i.e., the ellipse minor axis) with ImageJ
version 1.42q software. Canal area was subsequently calculated
using the formula for the area of an ellipse: p £ (0.5 £ Major
Axis Length) £ (0.5 £Minor Axis Length). Using this approach,
the area of the right ventral infraorbital canal is 7.4 mm2 and the
area of the left dorsal infraorbital canal is 3.0 mm2. Following
Muchlinski (2008b, 2010b), these two canal measurements were
summed to provide an estimated total infraorbital canal area of
10.4 mm2. A similar method was used to measure infraorbital
canal area for an adult specimen of Tachyglossus aculeatus
(AMNH 154457) based on a coronal mCT scan with an in-plane
resolution of 45.9 mm. Unlike Ornithorhynchus, which exhibits
three primary foramina as the outlets for each infraorbital canal
(Musser and Archer, 1998), Tachyglossus exhibits multiple small
foramina that serve as the outlets for each infraorbital canal
(e.g., AMNH 154457 has nine foramina for each canal; pers.
observ.). Accordingly, the cross-sectional areas of the right and
left infraorbital canals of Tachyglossus were measured near their

FIGURE 2. Lateral views of UA 9972, holotypic specimen of Vintana
sertichi, with arrows illustrating the dimensions used to estimate the right
(top) and left (bottom) orbital diameters.
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FIGURE 3. Relationship between cranial
size and orbital diameter in 352 extant mam-
malian species identified according to taxo-
nomic allocation (see inset) and Vintana
sertichi. Cranial size was measured as the
geometric mean of cranial length and width
in mm. Note that both upper and lower esti-
mates of orbital diameter for Vintana are
depicted. 1 D Oreotragus oreotragus; 2 D
Ourebia ourebi; 3 D Lynx rufus; 4 D Raphice-
rus campestris; 5 D Leptailurus serval; 6 D
Leopardus pardalis; 7 D Mazama gouazou-
bira; 8 D Priodontes giganteus; 9 D Ornitho-
rhynchus anatinus; 10 D Tachyglossus
aculeatus. Data for crown therian mammals
from Heesy (2003) and Kirk (2003). All data
provided in Supplemental Data Table S2.

FIGURE 4. Relationship between cranial size
and orbital diameter in 352 extant mammalian
species identified according to diel activity pat-
tern (see inset) and Vintana sertichi. Cranial size
was measured as the geometric mean of cranial
length and width in mm. Note that both upper
and lower estimates of orbital diameter for Vin-
tana are depicted. 1D Ptilocercus lowii; 2D Poe-
cilogale albinucha; 3 D Dactylopsila palpator;
4 D Echinosorex gymnura; 5 D Didelphis spp.;
6 D Tarsius spp.; 7 D Galeopterus variegatus;
8 D Pteromys volans; 9 D Hylopetes lepidus;
10 D Petinomys vordermanni; 11 D Tragulus
spp. Morphometric data for crown therian mam-
mals from Kirk (2003) and Heesy (2003). Data
on diel activity pattern follow Nowak (1991),
Kirk (2003, 2006a), and Hall et al. (2012). All
data provided in Supplemental Data Table S2.
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orbital inlets and prior to branching of the canal. The mean
infraorbital canal area thus obtained for Tachyglossus was
1.7 mm2. These measurements of infraorbital canal area in Vin-
tana and Tachyglossus were compared with similar data for 520
mammal species provided in Muchlinski (2008b, 2010b; Supple-
mental Data Table S1) using a bivariate plot of log10 Cranial Size
(x-axis) versus log10 Infraorbital Canal Area (y-axis) (Fig. 5).

Cochlear Length

The right cochlear labyrinth of Vintana was reconstructed in
Avizo 7.1 (Visualization Science Group) using high-resolution
mCT scans of the basicranium (see Hoffmann et al., this volume:
figs. 8–9, and for scan details). Total cochlear length from the
apical border of the fenestra vestibuli to the apex of the cochlear
canal was measured on the reconstructed surface using the Spli-
neProbe tool in Avizo 7.1 following the procedures described in
Ekdale (2013).
Comparative data on cochlear length in 46 extant mammals

were compiled from the published literature (Table 2). Measure-
ments for living therians were based either on basilar membrane
length or the length of the bony cochlear canal. Because extant
therians lack a macula lagena (Romer and Parsons, 1986), these
two measurements are nearly equivalent. Two sets of values
were included for living monotremes: (1) total length of the
cochlear canal, including the lagenar portion; and (2) length of
the organ of Corti only (Ladhams and Pickles, 1996). Body
masses for extant species were taken from the same source as
that providing cochlear length or from Silva and Downing (1995)
(Table 2). Published measurements of cochlear length and esti-
mated body mass were also compiled for 14 additional fossil gen-
era (Table 2). For fossil sources that did not also provide data on
body mass, body mass was estimated based on cranial length

using the regression in Luo et al. (2004), following the method of
Gingerich and Smith (1984). Because both basilar membrane
length and cochlear volume are highly positively correlated with
body mass (Kirk and Gosselin-Ildari, 2009), relative cochlear
length was compared across taxa using a bivariate plot of log10
Body Mass (x-axis) versus log10 Cochlear Length (y-axis)
(Fig. 6).

Semicircular Canal Radius of Curvature and Orthogonality

The left vestibular labyrinth of Vintana was reconstructed in
Avizo 7.1 using mCT scans of the basicranium (see Hoffmann
et al., this volume:fig. 8, and for scan details). Measurements of
canal radius of curvature were made using the procedure
described by Spoor and Zonneveld (1995). A detailed descrip-
tion of the procedure for calculating deviation from orthogonal-
ity (90dev; Berlin et al., 2013) and variance from orthogonality
(90var; Malinzak et al., 2012) can be found in Hoffmann et al.
(this volume).
Mean semicircular canal radius of curvature in Vintana was

examined relative to comparable data provided by Spoor et al.
(2007) for 205 extant mammalian species. Because approxi-
mately 60% of the interspecific variation in semicircular canal
radius of curvature in mammals may be explained by differences
in body mass (Kemp and Kirk, 2014), Vintana was compared
with extant taxa using a bivariate plot of log10 Cranial Size
(x-axis) versus log10 Mean Canal Radius (y-axis) (Fig. 7).
Comparative data on 90dev in 80 mammalian taxa were com-

piled from Malinzak et al. (2012), Berlin et al. (2013), and
Ekdale (2013) (Table 3). These data on 90dev may be compared
directly across taxa because measurements of (1) ipsilateral canal
pair angles and (2) the deviation of these angles from orthogo-
nality are not correlated with body mass (Malinzak et al., 2012;

FIGURE 5. Relationship between cranial
size and infraorbital canal area in 521 extant
mammalian species and Vintana sertichi. Cra-
nial size was measured as the geometric
mean of cranial length and width in mm. 1 D
Nasua nasua; 2 D Vulpes vulpes; 3 D Lynx
canadensis; 4 D Castor canadensis; 5 D Castor
fiber; 6 D Sarcophilus harrisii; 7 D Eira bar-
bara; 8 D Tarsipes rostratus; 9 D Melogale
moschata; 10 D Lontra canadensis; 11 D Arc-
tonyx collaris; 12 D Ornithorhynchus anati-
nus; 13 D Tachyglossus aculeatus.
Morphometric data for all extant mammals
except Tachyglossus are from Muchlinski
(2008b, 2010b). All data provided in Table
S1.
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Ekdale, 2013). In order to further examine the potential func-
tional significance of interspecific variation in 90dev, extant spe-
cies were grouped into the following locomotor categories based
on descriptions provided in Nowak (1991) and Rowe (1996):
glider, saltator, vertical clinger and leaper, terrestrial quadruped,
semiterrestrial, arboreal quadruped, volant, semiaquatic, fosso-
rial, and aquatic (Table 3). The gliders in this sample include vol-
planing rodents, marsupials, and dermopterans. Saltatory species
include a range of terrestrial taxa: macropodid marsupials, lep-
orid lagomorphs, and two rodents (the jerboa Allactaga and the
springhare Pedetes). Vertical clingers and leapers include only
arboreal primates that exhibit this specialized mode of locomo-
tion (Rowe, 1996). Volant species are all chiropterans. Aquatic
species include cetaceans and the manatee
Trichechus, whereas semiaquatic species include a didelphid
marsupial (the water opossum Chironectes), two carnivorans
(the sea otter Enhydra and the sea lion Eumetopias), and the
platypus (Ornithorhynchus). Fossorial taxa include an afrosori-
cid (the golden mole Chrysochloris), a rodent (the mole rat
Heterocephalus), the marsupial ‘mole’ (Notoryctes), and a lipoty-
phlan (the European mole Talpa). These categories were chosen
partly in an attempt to group taxa (i.e., gliding, saltatory, vertical
clinging and leaping, and volant species) that might be expected
a priori to generate high angular accelerations during locomotion
and/or to require high sensitivity to angular head accelerations in
order to precisely stabilize gaze during locomotion (Kemp and
Kirk, 2014). Categories were also chosen in an attempt to group
species known to possess small semicircular canals (e.g., aquatic
species) or to exhibit low semicircular canal orthogonality (e.g.,
fossorial species) (Kandel and Hullar, 2010; Berlin et al., 2013).
Quadrupedal taxa not included in other categories were divided
into arboreal, terrestrial, and semiterrestrial groups in order to
explore effects of substrate preference on 90dev. 90dev values
were compared for some groups using Wilcoxon rank-sum tests.

RESULTS

Body Mass Estimates

The equations employed here yield a mean estimated body
mass for Vintana of 8.95 kg, with a 95% confidence interval of
5.59–14.32 kg. These results are broadly congruent with the body
masses of living species that have cranial sizes similar to that of
Vintana (Table 1). Vintana was therefore probably smaller than
the largest known Mesozoic mammaliaform, Repenomamus
giganticus, which is estimated to have weighed between 12 and
14 kg (Hu et al., 2005; consensus estimates derived from skull,
limb, and head-body measurements). However, the upper 95%
confidence limits for Vintana include the range of values esti-
mated for R. giganticus, so we cannot exclude the possibility that
the two taxa were of similar size. Nonetheless, Vintana was prob-
ably larger than R. robustus (4–6 kg), which was previously con-
sidered to be the second largest Mesozoic mammaliaform (Hu

et al., 2005). Vintana was also clearly much larger than other
gondwanatherians, which were estimated by Gurovich (2008) on
the basis of dental dimensions and employing the methods of
Legendre (1989) to have ranged in body mass from the diminu-
tive Ferugliotherium windhauseni (0.06–0.07 kg) to the much
larger Sudamerica ameghinoi (1.08–1.32 kg). The more recently
described Greniodon sylvaticus, based on two isolated molari-
form teeth (crown area D 32.5–33.4 mm2; Goin et al., 2012),
appears to have been considerably larger than S. ameghinoi
(crown area D 15.3–23.3 mm2; Gurovich, 2008:table 2) but still
much smaller than V. sertichi (molariform tooth crown area D
90.1–106.0 mm2; Krause, this volume:table 1).

Relative Orbital Size

Compared with living mammals, Vintana has very large orbits
for its cranial size. This result is evident in Figure 3, which
presents a bivariate plot of log10 Cranial Size (x-axis) versus
log10 Orbital Diameter (y-axis) for Vintana and 352 extant mam-
malian species. Both the upper (32 mm) and lower (30 mm) esti-
mates of orbital diameter in Vintana fall near the upper end of
the extant therian distribution in this plot. The extant species
most similar to Vintana in this plot are the klipspringer (Oreotra-
gus oreotragus) and oribi (Ourebia ourebi), which have cranial
sizes of 98.0 and 105.7 mm, respectively, and comparable orbital
diameters of 30.5 mm (Fig. 3). Other species with similar relative
orbital sizes include the bobcat (Lynx rufus), steenbok (Raphice-
rus campestris), serval (Leptailurus serval), ocelot (Leopardus
pardalis), brocket deer (Mazama gouazoubira), and giant arma-
dillo (Priodontes giganteus). The monotremes Ornithorhynchus
anatinus and Tachyglossus aculeatus have relatively much
smaller orbits than Vintana and most living therians.
Figure 4 is a bivariate plot of log10 Cranial Size (x-axis) versus

log10 Orbital Diameter (y-axis) with 350 extant mammal species
identified according to diel activity pattern. This figure demon-
strates no clear separation of activity pattern groups based on
relative orbital size. Although species with the largest cranial
sizes tend to be cathemeral and species with the smallest cranial
sizes tend to be either diurnal or nocturnal, there is substantial
overlap in the distributions of all three activity pattern groups.
All of the artiodactyls and carnivorans to which Vintana is most
similar in relative orbital size are cathemeral. By comparison,
the giant armadillo Priodontes is nocturnal (Nowak, 1991; Zim-
bres et al., 2013).

Infraorbital Canal Area

Relative infraorbital canal size in Vintana is moderate com-
pared with that of living mammals. This finding is evident in
Figure 5, which presents a bivariate plot of log10 Cranial Size
(x-axis) versus log10 Infraorbital Canal Area (y-axis) for Vintana
and 521 extant mammalian species. Among extant mammals,
canal area is relatively large in hystricomorphous and

TABLE 1. Body mass of extant species with cranial size similar to that of Vintana sertichi.

Species Common name Cranial size (mm) Body mass (kg)

Vulpes vulpes Red fox 96.9 4.29
Raphicerus campestris Steenbok 97.8 11.19
Erythrocebus patas Patas monkey 98.2 9.45
Rhinopithecus roxellana Snub-nosed monkey 100.9 14.75
Vintana sertichiy n/a 101.7 8.95*
Taxidea taxus American badger 102.3 6.61
Nasalis larvatus Proboscis monkey 102.5 15.11
Macaca assamensis Assam macaque 103.1 9.10
Lynx canadensis Canada lynx 104.2 9.77

Cranial size (geometric mean of cranial length and width) for extant species from Muchlinski (2008b, 2010b). Body mass for extant species from Silva
and Downing (1995) and Smith and Jungers (1997). y D fossil taxon; * Dmean estimate.
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myomorphous rodents, afrosoricids, lipotyphlans, some carnivor-
ans (e.g., Melogale, Lontra, Arctonyx), the honey possum Tar-
sipes, and the platypus Ornithorhynchus. In contrast, infraorbital
canal area is relatively small in euarchontans (i.e., dermopterans,
primates, scandentians), xenarthrans, and the short-beaked
echidna Tachyglossus. Vintana plots near the middle of the dis-
tribution for extant therians and is most similar to the coati
(Nasua nasua), red fox (Vulpes vulpes), Canada lynx (Lynx cana-
densis), beaver (Castor spp.), Tasmanian devil (Sarcophilus har-
risii), and tayra (Eira barbara).

Cochlear Length

Vintana has a short cochlea (length D 5.39 mm) compared
with those of living therians. Cochlear length in the extant the-
rian comparative sample ranges from a high of 61.3 mm in
Balaena mysticetus to a low of 6.4 mm in Monodelphis domestica
(Table 2). All other fossil taxa in Table 2 also have cochlear
canals that are shorter than those of living therians, with the
exception of the Paleocene multituberculates Lambdopsalis
(8.7 mm; Meng and Wyss, 1995) and Catopsalis (6.5 mm; Luo
et al., 1995). By comparison, Tachyglossus and Ornithorhynchus
have cochlear canals (10.6 and 7.7 mm, respectively; Ladhams
and Pickles, 1996) that are longer than those of all of the fossil
taxa considered here except Lambdopsalis. Vintana has an abso-
lutely longer cochlear canal than the other taxa in the fossil com-
parative sample except the multituberculates Lambdopsalis,
Catopsalis, andMeniscoessus (Table 2).
Figure 6 is a bivariate plot of log10 Body Mass (x-axis) versus

log10 Cochlear Length (y-axis) in 62 species of living mammals
and their fossil relatives (Table 2). This plot demonstrates that
when cochlear length is considered relative to body mass,

Vintana and most of the other fossil taxa considered here plot
well below the extant therian distribution. Vintana also plots
below Tachyglossus and Ornithorhynchus based on measure-
ments of cochlear canal length for these taxa. However, Vintana
more closely resembles living monotremes when organ of Corti
length is substituted for cochlear canal length in Tachyglossus
andOrnithorhynchus (Fig. 6).

Semicircular Canal Radius of Curvature and Orthogonality

The mean semicircular canal radius of curvature of Vintana
(2.86 mm) is very large for its estimated body mass. This result is
evident in Figure 7, which presents a bivariate plot of log10 Body
Mass (x-axis) versus log10 Mean Semicircular Canal Radius of
Curvature (y-axis) in 205 extant mammals and Vintana. Regard-
less of whether the upper, middle, or lower body mass estimate
is used for Vintana, its mean semicircular canal radius of curva-
ture falls near the upper end of the extant mammalian distribu-
tion. Living species most similar to Vintana in this plot include a
number of anthropoid primates (i.e., Colobus polykomos,
Lophocebus albigena, Symphalangus syndactylus) and the rodent
Marmota monax.
The semicircular canals of Vintana are more orthogonally ori-

ented than those of the majority of mammals in our comparative
sample (Table 3). Of the 81 living and fossil taxa included in
Table 3, Vintana has the sixth-most orthogonal canals. The
90dev value calculated for Vintana (2.61) is most similar to those
of the swamp wallabyWallabia bicolor (2.41), the southern bush-
baby Galago moholi (2.60), and the domestic horse Equus cabal-
lus (2.90). This 90dev value for Vintana is also lower than those
of the Mesozoic eutherians Zalambdalestes lechei (5.25), Ukhaa-
therium gobiensis (5.93), Kulbeckia kulbecke (5.93), and an

FIGURE 6. Relationship between body
mass and cochlear canal length in living
mammals and their fossil relatives, including
Vintana sertichi. The three symbols for Vin-
tana represent its lower, middle, and upper
body mass estimates. The gray polygon
encompasses extant therian mammals. Two
values are shown for the living monotremes
Ornithorhynchus and Tachyglossus: the
upper point reflects the length of the entire
cochlear canal, including the lagenar portion;
the lower point reflects the length of the
organ of Corti only (i.e., lagena excluded).
Data and sources provided in Table 2.
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TABLE 2. Cochlear length and body mass for non-mammaliaform cynodonts, extinct mammaliaforms (including Vintana), and extant mammals.

Species Taxon, Age CL (mm) BM (kg) Source—CL Source—BM

Aotus sp. Theria, Recent 22.4 0.934 Coleman and Colbert, 2010 From CL source
Arvicola terrestris Theria, Recent 10.15 0.13 Lange et al., 2004 From CL source
Balaena mysticetus Theria, Recent 61.3 100 Ketten, 1992 From CL source
Bos taurus Theria, Recent 38 500 Echteler et al., 1994 From CL source
Cavia porcellus Theria, Recent 20.5 0.406 Begall and Burda, 2006 From CL source
Chinchilla laniger Theria, Recent 18.5 0.49 Begall and Burda, 2006 From CL source
Ctenomys talarum Theria, Recent 10.58 0.14 Begall and Burda, 2006 From CL source
Dipodomys merriami Theria, Recent 9.83 0.05 Echteler et al., 1994 From CL source
Elephas maximus Theria, Recent 60 4000 Echteler et al., 1994 From CL source
Eubalaena glacialis Theria, Recent 55.6 22,500 Ketten, 1992 From CL source
Felis catus Theria, Recent 22.5 3.408 West and Harrison, 1973 Silva and Downing (1995)
Fukomys anselli Theria, Recent 11.1 0.08 Begall and Burda, 2006 From CL source
Grampus griseus Theria, Recent 40.5 425 Ketten, 1992 From CL source
Hipposideros fulvus Theria, Recent 8.8 0.01 K€ossl and Vater, 1995 From CL source
Hipposideros speoris Theria, Recent 9.2 0.01 K€ossl and Vater, 1995 From CL source
Homo sapiens Theria, Recent 35 75 Echteler et al., 1994 From CL source
Lagenorhynchus albirostris Theria, Recent 34.9 103 Ketten, 1992 From CL source
Macaca fascicularis Theria, Recent 28.8 1.205 Coleman and Colbert, 2010 From CL source
Macaca nemestrina Theria, Recent 25.6 8.85 Greenwood, 1990 From CL source
Megaderma lyra Theria, Recent 9.9 0.048 K€ossl and Vater, 1995 From CL source
Meriones unguiculatus Theria, Recent 12.1 0.05 Echteler et al., 1994 From CL source
Microtus arvalis Theria, Recent 8.5 0.027 Lange et al., 2004 From CL source
Molossus ater Theria, Recent 14.6 0.037 K€ossl and Vater, 1995 From CL source
Monodelphis domestica Theria, Recent 6.4 0.11 M€uller et al., 1993 From CL source
Mus musculus Theria, Recent 6.8 0.01 Echteler et al., 1994 From CL source
Myotis lucifugus Theria, Recent 6.9 0.008 K€ossl and Vater, 1995 From CL source
Nycticebus coucang Theria, Recent 18.6 0.626 Coleman and Colbert, 2010 From CL source
Oryctolagus cuniculus Theria, Recent 10.75 2 Echteler et al., 1994 From CL source
Pachyuromys duprasi Theria, Recent 33.3 0.09 M€uller et al., 1993 From CL source
Panthera onca Theria, Recent 35.5 90 Burda et al., 1984 From CL source
Panthera tigris Theria, Recent 25.93 106.3 Burda et al., 1984 From CL source
Perodicticus potto Theria, Recent 21 1.03 Coleman and Colbert, 2010 From CL source
Phocoena phocoena Theria, Recent 14.3 52.5 Ketten, 1992 From CL source
Pteronotus parnellii Theria, Recent 10.7 0.012 K€ossl and Vater, 1995 From CL source
Rattus norvegicus Theria, Recent 12.1 0.325 Begall and Burda, 2006 From CL source
Rattus rattus Theria, Recent 16.1 0.2 Begall and Burda, 2006 From CL source
Rhinolophus ferrumequinum Theria, Recent 11.68 0.02 Echteler et al., 1994 From CL source
Saimiri sp. Theria, Recent 25.7 0.811 Coleman and Colbert, 2010 From CL source
Spalax ehrenbergi Theria, Recent 36.9 0.143 Begall and Burda, 2006 From CL source
Spalacopus cyanus Theria, Recent 12.6 0.09 Begall and Burda, 2006 From CL source
Stenella attenuata Theria, Recent 12.6 112.5 Ketten, 1992 From CL source
Taphozous kachensis Theria, Recent 14.4 0.05 K€ossl and Vater, 1995 From CL source
Tursiops truncatus Theria, Recent 40.65 175 Ketten, 1992 From CL source
Zalophus californianus Theria, Recent 54.3 75 Manoussaki et al., 2008 Silva and Downing (1995)
Ornithorhynchus anatinus

(cochlear canal)
Monotremata,

Recent
7.7 2.5 Ladhams and Pickles, 1996 Silva and Downing (1995)

Ornithorhynchus anatinus
(organ of Corti)

Monotremata,
Recent

4.43 2.5 Ladhams and Pickles, 1996 Silva and Downing (1995)

Tachyglossus aculeatus
(cochlear canal)

Monotremata,
Recent

10.6 4 Ladhams and Pickles, 1996 Silva and Downing (1995)

Tachyglossus aculeatus
(organ of Corti)

Monotremata,
Recent

7.61 4 Ladhams and Pickles, 1996 Silva and Downing (1995)

Bienotheriumy Cynodontia,
Early Jurassic

3.7 11.69 Hopson, 1964 Calculated from SL 140
(Hopson, 1964)

Brasilitheriumy Cynodontia,
Late Triassic

1.66 0.097 Rodrigues et al., 2013 Calculated from SL 38.03
(Rodrigues et al., 2013)

‘Catopsalis’ joyneriy Multituberculata,
?Paleocene

6.5 1.491 Luo and Ketten, 1991 Calculated from SL 80
(Luo and Ketten, 1991)

Chulsanbaatar vulgarisy Multituberculata,
Late Cretaceous

2 0.011 Hurum, 1998 Calculated from SL 21
(Hurum, 1998)

Dryolestes leiriensisy Dryolestoidea,
Late Jurassic

3.3 0.130 Luo et al., 2011, 2012 Estimated from mandible length
(Luo et al., 2012)

Haldanodony Docodonta,
Late Jurassic

3 0.064 Lillegraven and Krusat, 1991 Calculated from SL 34
(Lillegraven and Krusat, 1991)

Lambdopsalis bullay Multituberculata,
Paleocene

8.7 0.694 Meng andWyss, 1995 Calculated from SL 65
(Miao, 1988)

Meniscoessusy Multituberculata,
Late Cretaceous

5.5 1.176 Luo and Ketten, 1991 Calculated from SL 75
(Luo and Ketten, 1991)

Morganucodony Mammaliaformes,
Late Triassic

1.75 0.058 Luo et al., 1995 Midpoint from Luo et al., 2001

Nemegtbaatar gobiensisy Multituberculata,
Late Cretaceous

3 0.179 Hurum, 1998 Calculated from SL 45
(Hurum, 1998)

Probainognathusy Cynodontia,
Late Triassic

2.2 1.86 Luo et al., 1995 Calculated from SL 85
(Luo et al., 1995)

(Continued on next page)
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unidentified zhelestid (5.89) (Ekdale, 2013). When extant species
are grouped according to locomotor category, Vintana falls
below the range of all groups except gliders, saltators, and verti-
cal clingers and leapers (Fig. 8). Compared with all living species
not in these three groups, saltators (Wilcoxon: Z D ¡2.01864, P
< 0.05) and vertical clingers and leapers (Wilcoxon: Z D
¡2.08178, P < 0.05) are significantly different but gliders are not
(Wilcoxon: Z D 1.48331, nonsignificant [N.S.]). Among extant
species, both aquatic (Wilcoxon: Z D ¡2.81548, P < 0.01) and
fossorial (Wilcoxon: Z D ¡2.39694, P < 0.05) species have 90dev
values that differ significantly from all other extant species. Con-
trary to expectations, volant mammals exhibit 90dev values that
fall near the middle of the distribution for extant taxa. There is
also no evidence for systematic differences in 90dev between
arboreal and terrestrial quadrupeds (Fig. 8).

DISCUSSION

Orbital Size, Eye Size, and Activity Pattern

The comparative data on relative orbital size in extant mam-
mals analyzed here (Figs. 3, 4) reveal that Vintana had very large
orbits relative to cranial size. In this respect, Vintana is similar to
a range of living bovid and cervid artiodactyls and felid carnivor-
ans with relatively large orbits. Vintana thus plots at the upper
end of the extant therian distribution (Figs. 3, 4). Vintana is also
clearly distinct from the extant platypus (Ornithorhynchus) and
short-beaked echidna (Tachyglossus), both of which exhibit
smaller relative orbital sizes than most living therians (Fig. 3).
Although orbital size tends to progressively overestimate eye
size as body mass and orbital diameter increase (Schultz, 1940;
Kay and Kirk, 2000; Kirk, 2006b), these data favor the conclusion

TABLE 2. Cochlear length and body mass for non-mammaliaform cynodonts, extinct mammaliaforms (including Vintana), and extant mammals.
(Continued)

Species Taxon, Age CL (mm) BM (kg) Source—CL Source—BM

Sinoconodony Mammaliaformes,
Early Jurassic

1.6 0.517 Luo et al., 1995 Calculated from SL 60
(Luo et al., 1995)

Thrinaxodony Cynodontia,
Early Triassic

3 1.945 Allin, 1986 Calculated from SL 86
(Crompton, 1963)

Tombaatary Multituberculata,
Late Cretaceous

4.2 0.166 Ladev�eze et al., 2010 Calculated from SL 44.07
(Ladev�eze et al., 2010)

Vintana sertichiy
(small BM estimate)

Gondwanatheria,
Late Cretaceous

5.39 5.59 Hoffmann et al., this volume This paper

Vintana sertichiy
(medium BM estimate)

Gondwanatheria,
Late Cretaceous

5.39 8.95 Hoffmann et al., this volume This paper

Vintana sertichiy
(large BM estimate)

Gondwanatheria,
Late Cretaceous

5.39 14.32 Hoffmann et al., this volume This paper

Abbreviations: CL, cochlear length in mm; BM, body mass in kg; SL, skull length in mm. y D extinct taxon.

FIGURE 7. Relationship between mean
semicircular canal radius of curvature in 205
extant mammalian species and Vintana
sertichi. The three symbols for Vintana repre-
sent its lower, middle, and upper body mass
estimates. Data for living species from Spoor
et al. (2007).
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TABLE 3. Mean deviation of ipsilateral semicircular canal pair angles from 90 degrees (90dev) in extinct and extant mammaliaforms, arranged in
increasing order of 90dev.

Taxon Source 90dev Locomotion

Cynocephalus volans 2 1.33 Gliding
Potorous tridactylus 1 2.28 Saltatory
Pedetes capensis 1 2.36 Saltatory
Wallabia bicolor 1 2.41 Saltatory
Galago moholi 3 2.6 Vertical clinging and leaping
Vintana sertichiy 4 2.61 Unknown
Equus caballus 2 2.9 Terrestrial quadruped
Glaucomys volans 1 3.12 Gliding
Petropseudes dahli 1 3.28 Semiterrestial
Lepus californicus 1, 2 3.48 Saltatory
Meriones unguiculatus 1 3.64 Terrestrial quadruped
Cheirogaleus medius 3 3.65 Arboreal quadruped
Dromiciops gliroides 1 3.78 Arboreal quadruped
Atelerix albiventris 2 3.87 Terrestrial quadruped
Propithecus verreauxi 3 4.03 Vertical clinging and leaping
Dactylopsila trivirgata 1 4.20 Arboreal quadruped
Microcebus murinus 3 4.40 Arboreal quadruped
Cercartetus caudatus 1 4.42 Arboreal quadruped
Pseudocheirus peregrinus 1 4.42 Arboreal quadruped
Pteropus lyelli 2 4.6 Volant
Mus musculus 1, 2 4.78 Terrestrial quadruped
Sciurus niger 1 4.91 Arboreal quadruped
Sus scrofa 2 5.1 Terrestrial quadruped
Rattus norvegicus 1 5.10 Terrestrial quadruped
Enhydra lutris 1 5.25 Semiaquatic
Zalambdalestes lecheiy 2 5.25 Unknown
Sorex monticolus 2 5.27 Terrestrial quadruped
Vulpes vulpes 1 5.32 Terrestrial quadruped
Monodelphis domestica 1 5.35 Semiterrestial
Hapalemur griseus 3 5.40 Vertical clinging and leaping
Pseudochirops cupreus 1 5.51 Arboreal quadruped
Saimiri sciureus 1 5.52 Arboreal quadruped
Dolichotis patagonum 1 5.78 Terrestrial quadruped
Zhelestidy 2 5.89 Unknown
Ukhaatherium gobiensisy 2 5.93 Unknown
Kulbeckia kulbeckey 2 5.93 Unknown
Macaca mulatta 2 5.97 Semiterrestrial
Acrobates pygmaeus 1 6.02 Gliding
Caluromys sp. 1 6.12 Arboreal quadruped
Petaurus breviceps 1 6.16 Gliding
Crocuta crocuta 1 6.19 Terrestrial quadruped
Petauroides volans 1 6.24 Gliding
Lemur catta 3 6.31 Semiterrestrial
Orycteropus afer 2 6.37 Terrestrial quadruped
Eulemur fulvus 3 6.53 Arboreal quadruped
Manis tricuspis 2 6.53 Terrestrial quadruped
Felis catus 1, 2 6.64 Terrestrial quadruped
Varecia variegata 3 7.00 Arboreal quadruped
Chinchilla laniger 1 7.03 Terrestrial quadruped
Canis familiaris 2 7.17 Terrestrial quadruped
Heterocephalus glaber 1 7.18 Fossorial
Nycticebus pygmaeus 3 7.19 Arboreal quadruped
Chironectes minmus 1 7.2 Semiaquatic
Daubentonia madagascariensis 3 7.27 Arboreal quadruped
Eulemur mongoz 3 7.40 Arboreal quadruped
Tarsipes rostratus 1 7.41 Arboreal quadruped
Sylvilagus floridanus 2 7.43 Saltatory
Cavia porcellus 1, 2 7.52 Terrestrial quadruped
Anomalurus beecrofti 1 7.82 Gliding
Ornithorhynchus anatinus 1 8.04 Semiaquatic
Pseudochirulus forbesi 1 8.23 Arboreal quadruped
Hemibelideus lemuroides 1 8.58 Arboreal quadruped
Eumetopias jubatus 2 8.63 Semiaquatic
Rhinolophus ferrumequinum 2 8.73 Volant
Talpa europaea 1 8.78 Fossorial
Procavia capensis 2 9.07 Semiterrestial
Macroscelides proboscideus 2 9.07 Terrestrial quadruped
Allactaga major 1 9.93 Saltatory
Nycteris grandis 2 10.33 Volant
Tadarida brasiliensis 2 10.7 Volant
Hemicentetes semispinosum 2 11.4 Terrestrial quadruped
Tupaia glis 2 11.9 Terrestrial quadruped
Chrysochloris sp. 1, 2 11.90 Fossorial
Didelphis virginiana 2 15 Terrestrial quadruped

(Continued on next page)
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that Vintana probably had large eyes for its head and body size.
Indeed, although eye size is unknown for many of the species
that are most similar to Vintana in Figure 3, bovids, cervids, and
felids generally exhibit relatively large eyes in addition to large
orbits (Ritland, 1982; Ross and Kirk, 2007). Large eyes in turn
demonstrate improved visual functionality compared with small
eyes. For example, large eyes may support both higher visual
acuity and higher visual sensitivity compared with small eyes
(Walls, 1942; Hughes, 1977; Land and Nilsson, 2012). The possi-
bility that Vintana had relatively large eyes is also consistent
with its relatively large semicircular canal radii of curvature
(Kemp and Kirk, 2014; see below).
However, the fact that relative orbit size in Vintana falls near

the giant armadillo Priodontes (Fig. 3) serves as a cautionary
reminder that large orbits are not always associated with large
eyes in mammals. Compared with other mammals, the living
xenarthrans shown in Figure 3 either plot near the upper end
(i.e., Bradypus, Choloepus, and Priodontes) or the middle (i.e.,
Chaetophractus, Euphractus) of the extant therian distribution.
Xenarthrans thus have relative orbital sizes that are either large
or average compared with those of other therian mammals.

Nonetheless, xenarthrans as a group tend to have eyes that are
small relative to body size (Ritland, 1982); thus, orbital diameter
is a poor indicator of eye diameter in this clade. For example,
the transverse eye diameters of Chaetophractus villosus
(6.7 mm), Choloepus hoffmanni (14.1 mm), and Euphractus sex-
cinctus (8.4 mm) represent only 41%, 64%, and 52% (average D
52.3%) of orbital diameter, respectively (Ritland, 1982; Heesy,
2003). Transverse eye diameter in small- to medium-sized felids
is approximately 88.5% of transverse orbital diameter (i.e., 88%
in Acinonyx jubatus, 85% in Ictailurus planiceps, 81% in Otoco-
lobus manul, and 100% in Prionailurus bengalensis; Ritland,
1982; Kirk, 2003). Based on these values, eye size in Vintana
might have been as small as 15.7–16.7 mm if it resembled living
xenarthrans in having eyes that are »52.3% of orbital diameter.
By comparison, eye size in Vintana might have been as large as
26.6–28.3 mm if it more closely resembled extant felid carnivores
in its eye/orbit relationship.
In this context, it is worth noting that the poor fit between eye

size and orbital size in Xenarthra may be related to the derived
zygomatic arch morphologies that are characteristic of this clade.
The armadillos (Chaetophractus, Euphractus, Priodontes) and

TABLE 3. Mean deviation of ipsilateral semicircular canal pair angles from 90 degrees (90dev) in extinct and extant mammaliaforms, arranged in
increasing order of 90dev. (Continued)

Taxon Source 90dev Locomotion

Notoryctes typhlops 1 15.46 Fossorial
Trichechus manatus 2 15.53 Aquatic
Elephas sp.y 2 15.57 Terrestrial quadruped
Balaenopteridaey 2 15.93 Aquatic
Dasypus novemcinctus 2 17.53 Terrestrial quadruped
Tursiops truncatus 2 18.47 Aquatic

Source: 1 D Berlin et al., 2013; 2 D Ekdale, 2013; 3 DMalinzak et al., 2012; 4DHoffmann et al., this volume. y D extinct taxon.

FIGURE 8. Mean deviation of ipsilateral
semicircular canal pair angles from 90
degrees (90dev) in 75 species of extant and
extinct crown mammals grouped by locomo-
tor category and in Vintana. Abbreviations:
AQ, aquatic; FOS, fossorial; GL, glider; QA,
arboreal quadruped; QT, terrestrial quadru-
ped; SAQ, semiaquatic; SL, saltatory; ST,
semiterrestrial; VCL, vertical clinger and
leaper; VIN, Vintana; VOL, volant. Sources
and locomotor categories provided in
Table 3.
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sloths (Bradypus, Choloepus) considered in this analysis all
exhibit a ventrally deflected flange on the anterior root of the
zygomatic arch (pers. observ.; see also Naples, 1982; Wible and
Gaudin, 2004). Bradypus and Choloepus also possess a derived
descending process of the jugal (Naples, 1982) that is superfi-
cially similar to the ventral flange of Vintana (see Krause et al.,
this volume:fig. 1). It seems plausible that ventral deflection of
the anterior zygomatic arch in xenarthrans might be associated
with a greater discrepancy between the size of the bony orbit
and the eye that it contains. It is not clear whether orbital size in
Vintana is large partly as a result of a similar ventral displace-
ment of the anterior zygomatic arch. However, given the derived
anatomy of the zygomatic arch and site of origin for the masseter
in Vintana (Krause et al., this volume; Schultz et al., this vol-
ume), selection on masticatory anatomy could theoretically have
influenced its orbital size (Cox, 2008). This possibility favors
some caution in concluding that Vintana had large orbits solely
to accommodate large eyes.
With the exception of the nocturnal Priodontes, all of the

extant therian species with relative orbital sizes most similar
to Vintana are cathemeral (Fig. 4). However, Figure 4 demon-
strates that relative orbital size cannot be used to reliably dis-
criminate between mammals of differing diel activity patterns.
A similar result was reported by Kay and Cartmill (1977)
based on a smaller comparative sample of extant euarchon-
tans, erinaceids, sciurids, carnivorans, and a macroscelidean.
These findings may be partly attributed to divergent sensory
adaptations in different groups of nocturnal mammals. For
example, some of the nocturnal species in Figure 4 (e.g., tars-
iers [Tarsius], colugos [Galeopterus], flying squirrels [Pter-
omys, Hylopetes, Petinomys], and mouse-deer [Tragulus])
have large orbits that presumably accommodated large eyes
with large corneas and enhanced light gathering capabilities
(Ritland, 1982; Ross and Kirk, 2007). However, a mixed group
of nocturnal lipotyphlans (e.g., Echinosorex), carnivorans
(e.g., Poecilogale), diprotodonts (e.g., Dactylopsila), didelphi-
morphs (e.g., Didelphis), and a scandentian (Ptilocercus) in
Figure 4 all have relatively small orbits that must have accom-
modated small eyes. These differences in relative eye size may
reflect the fact that some nocturnal mammals have evolved
large and sensitive eyes that function well under scotopic con-
ditions, whereas other nocturnal mammals rely more on non-
visual senses to meet their basic ecological needs (Walls,
1942). Among the nocturnal species with large eyes and orbits,
colugos and flying squirrels may be constrained to rely on
vision in order to successfully navigate forest canopies and
understories while gliding at night. Similarly, tarsiers and
other large-eyed nocturnal primates may be constrained to
rely on vision as a means of detecting and manually capturing
prey under low light conditions (Cartmill, 1992; Ross and
Kirk, 2007; Veilleux and Kirk, 2009). Unfortunately, whereas
optic foramen area may provide additional information about
activity pattern and visual adaptations in fossil species (Kay
and Kirk, 2000; Kirk and Kay, 2004; Silcox et al., 2010), this
feature cannot be measured accurately for Vintana due to
fragmentation of the lateral walls of the braincase.

Infraorbital Canal Area and Rostral Mechanoreception

The comparative data on infraorbital canal size analyzed
here (Fig. 5) demonstrate that the infraorbital canal area of
»10.35 mm2 in Vintana is typical for a comparably sized
extant mammal. Vintana had neither a very large infraorbital
canal like those of many living afrosoricids, lipotyphlans, and
rodents, nor a very small infraorbital canal like those of living
euarchontans and xenarthrans. Instead, relative infraorbital
canal size in Vintana is most similar to a range of living
therians with moderately sized canals, including beavers

(Castor spp.), the Tasmanian devil (Sarcophilus harrisii), and
various canid (Vulpes vulpes), felid (Lynx canadensis), mus-
telid (Eira barbara), and procyonid (Nasua nasua) carnivorans
(Fig. 5). Vintana is also clearly distinct from the extant platy-
pus Ornithorhynchus, which has a very large infraorbital canal
(ca. 13.4 mm2; Muchlinski, 2008b). In Ornithorhynchus and
the Miocene platypus Obdurodon, the large size of the
infraorbital canal is associated with enlargement of the
infraorbital nerve and other components of the trigeminal sys-
tem, presumably as a result of the large number of mechanor-
eceptors and electroreceptors located on the bill (Zeller, 1988;
Manger and Pettigrew, 1996; Musser and Archer, 1998; Macrini
et al., 2006; Ashwell and Hardman, 2012). Vintana also differs
from the short-beaked echidna Tachyglossus, which has a small
infraorbital canal (ca. 1.7 mm2) like those of living primates and
dermopterans (Muchlinski, 2010b; Fig. 5). By comparison, the
moderate size of the infraorbital canal in Vintana suggests that its
rostrum would have been similar to those of living therian mam-
mals that are unspecialized in terms of their rostral mechanore-
ceptive sensitivity. This finding is consistent with the possibility
that Vintana exhibited rostral vibrissae like extant therians. How-
ever, the poor correlation between infraorbital canal area and
total vibrissa count precludes a meaningful estimate of vibrissa
number in Vintana (Muchlinski, 2010b). For example, among the
extant species that resemble Vintana in relative infraorbital canal
area (Fig. 5), unilateral mystacial micro- and macro-vibrissa
counts range from a high of 74 in the coati (Nasua nasua) to a
low of 42 in the Canada lynx (Lynx canadensis) and red fox
(Vulpes vulpes) (Muchlinski, 2010b). Additional caution is war-
ranted by the fact that, although living monotremes have naked
snouts without vibrissae (Griffiths, 1978; Nowak, 1991; Augee and
Gooden, 1993), they nonetheless exhibit infraorbital canals that
are comparable in relative size to those of therian mammals
(Fig. 5).
These findings suggest that although Vintana exhibits a large

endocast of the trigeminal nerve and semilunar ganglion (Hoff-
mann et al., this volume), the large size of these endocranial
structures is not associated with a comparable degree of hyper-
trophy of the infraorbital branch of the maxillary nerve. Accord-
ingly, the large trigeminal endocast of Vintana is unlikely to have
been associated with enhanced rostral mechanoreception via the
infraorbital nerve beyond the condition that is typical for therian
mammals. In this respect, Vintana differs from Ornithorhynchus,
which exhibits enlarged endocasts of the trigeminal complex,
hypertrophy of the infraorbital nerve, and a highly derived ros-
trum with a dense concentration of mechano- and electrorecep-
tors (Zeller, 1988; Manger and Pettigrew, 1996; Musser and
Archer, 1998; Macrini et al., 2006; Ashwell and Hardman, 2012).
Additionally, although mastication in Vintana probably included
a large degree of propalinal motion (i.e., a largely palinal power
stroke and a proal recovery stroke; Schultz et al., this volume),
the duplication, orientation, and modest size of Vintana’s
infraorbital canals suggest that they did not transmit slips of the
masseter muscle (infraorbital portion of zygomaticomandibula-
ris) as in hystricomorphous and myomorphous rodents (e.g.,
Wood, 1965; Cox et al., 2012).

Cochlear Anatomy and Hearing

The comparative data on cochlear length analyzed here
(Table 2; Fig. 6) reveal that Vintana resembles other Mesozoic
mammaliaforms in possessing a short cochlear canal. At
5.39 mm in length, the cochlear canal of Vintana is absolutely
shorter than that of any mammal in the extant comparative sam-
ple (Table 2). At the same time, the cochlear canal of Vintana is
longer than those of most fossil taxa considered here, including
the cladotherian Dryolestes (3.3 mm), the multituberculates
Chulsanbaatar (2 mm), Nemegtbaatar (3 mm), and Tombaatar
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(4.2 mm), the docodont Haldanodon (3 mm), the mammalia-
form Morganucodon (1.75 mm), the mammaliamorph Sinocono-
don (1.6 mm), and the non-mammaliamorph cynodonts
Bienotherium (3.7 mm), Brasilitherium (1.66 mm), Probainogna-
thus (2.2 mm), and Thrinaxodon (3 mm). However, this result is
not surprising because basilar membrane length is strongly posi-
tively correlated with body mass (Kirk and Gosselin-Ildari, 2009;
Vater and K€ossl, 2011) and Vintana is substantially larger than
most of the other fossil taxa in our sample (Table 2). When
cochlear canal length is considered relative to body mass
(Fig. 6), Morganucodon, Sinoconodon, and non-mammalia-
morph cynodonts have the smallest relative cochlear lengths in
our sample. By comparison, relative cochlear canal length is
somewhat greater in Vintana, Dryolestes, and Haldanodon. Mul-
tituberculates exhibit a wide range of cochlear canal sizes rela-
tive to their estimated body mass, from very short (e.g.,
Chulsanbaatar) to very long (e.g., Lambdopsalis).
These interspecific comparisons of cochlear canal length are

complicated by the fact that many of the fossil taxa in our sample
probably possessed a macula lagena at the apex of their bony
cochlear canal (Manley, 1972, 2012; Fox and Meng, 1997; Hoff-
mann et al., this volume). Indeed, the macula lagena is a primi-
tive feature of the vertebrate inner ear that is retained in
monotremes and lost in crown therians (Romer and Parsons,
1986; Manley, 2012). Among living monotremes, the length of
the organ of Corti accounts for only 57.5% of total cochlear
canal length in Ornithorhynchus and 71.8% of total cochlear
canal length in Tachyglossus (Ladhams and Pickles, 1996;
Fig. 6). Accordingly, if multituberculates retained a macula
lagena (Fox and Meng, 1997; Manley, 2012), then the apparent
similarity between extant therians and some multituberculates in
Figure 6 may be attributable to a large disjunction between the
lengths of the membranous cochlear duct and the bony cochlear
canal in these fossil taxa. Although it is difficult to establish the
presence or absence of a macula lagena in many fossil species
using osteological criteria (particularly for taxa that have not yet
been studied using mCT; Hoffmann et al., this volume), it is most
parsimonious to conclude that stem mammals resembled living
monotremes in possessing maculae lagenae (Manley, 2012). If
this inference is correct, then Figure 6 may overestimate mem-
branous cochlear duct length in Bienotherium, Brasilitherium,
Haldanodon, Morganucodon, Probainognathus, Sinoconodon,
and Thrinaxodon in addition to the multituberculates in our sam-
ple. By comparison, both Dryolestes and Vintana appear to
have lacked a macula lagena based on the absence of a dis-
tinct canal for the lagenar nerve (Luo et al., 2012; Hoffmann
et al., this volume). Both taxa also appear to have exhibited
slight narrowing of the cochlear apex relative to the base and
to have lacked the inflation of the cochlear canal apex that is
seen in living monotremes and some multituberculates (Fox
and Meng, 1997; Luo et al., 2012; Hoffmann et al., this vol-
ume; see Manley [2012] for an alternate viewpoint). In this
context, it is noteworthy that the living species most similar to
Vintana in Figure 6 are Ornithorhynchus and Tachyglossus. In
both monotreme genera, the resemblance to Vintana is greatest
when lagenar length is discounted by substituting organ of Corti
length for total cochlear canal length (Fig. 6). Accordingly, the rel-
ative length of the cochlear canal inVintanamay provide a reason-
able morphological model for cochlear canal length in stem
therians if loss of the macula lagena in this group preceded the evo-
lution of substantial increases in cochlear length (for an alternate
view, seeManley, 2012).
The possible functional implications of the relatively short

cochlear canal of Vintana are somewhat difficult to discern. Liv-
ing therian mammals exhibit longer auditory papillae ( D organ
of Corti in extant mammals) than do monotremes and most non-
mammalian tetrapods (Manley, 1971, 2000). Most living therians
also differ from other vertebrates in hearing a broader range of

frequencies, including those above 20 kHz (Fay, 1988, 1992;
Heffner, 2004; Vater et al., 2004). In contrast, living monotremes
more closely resemble some non-mammalian tetrapods in having
shorter auditory papillae, in hearing a relatively narrow range of
frequencies, and in lacking the ability to hear frequencies above
20 kHz (Aitkin and Johnstone, 1972; Gates et al., 1974; Ladhams
and Pickles, 1996; Mills and Shepherd, 2001). Although the avail-
able psychometric data on the auditory abilities of monotremes
are limited, Tachyglossus appears to have a slightly better high-
frequency limit of hearing (ca. 18 kHz) than Ornithorhynchus
(ca. 15 kHz) (Vater et al., 2004). These high-frequency limits
exceed those of most non-mammalian tetrapods, which (with the
exception of several anuran genera that have evolved ultrasonic
hearing; Boonman and Kurinati, 2011; Arch et al., 2012) do not
hear frequencies in excess of 11–12 kHz (Vater et al., 2004).
Accordingly, there is a general recognition that the evolution of
longer auditory papillae in mammals occurred in concert with
the evolution of high-frequency hearing and the ability to detect
a broad range of frequencies (Manley, 1971), but the precise
functional consequences of cochlear elongation in the mamma-
lian and therian stem lineages are poorly understood. As noted
previously, cochlear length in living mammals (as measured by
the length of the basilar membrane, which supports the organ of
Corti) is highly correlated with body mass (Kirk and Gosselin-
Ildari, 2009; Vater and K€ossl, 2011). However, when ‘hearing
specialists’ such as echolocating (e.g., microchiropteran bats, dol-
phins) and strictly fossorial (e.g., blind mole rat) species are
excluded, increased basilar membrane length in living therians is
negatively correlated with the high-frequency limit of hearing
(West, 1985; Echteler et al., 1994; Vater and K€ossl, 2011). Simi-
larly, cochlear volume is also significantly negatively correlated
with the high-frequency limit of hearing in living therians (Kirk
and Gosselin-Ildari, 2009; Kirk et al., 2011). In other words, the-
rian species with short and/or small cochleas tend to have better
high-frequency hearing than species with long and/or large
cochleas. However, the excellent high-frequency hearing of
some ‘hearing specialists’ with absolutely short cochleas (e.g.,
Myotis) or absolutely long cochleas (e.g., Tursiops) demonstrates
that factors other than cochlear length (such as basilar mem-
brane mass and stiffness) play a key role in determining the
nature of high-frequency hearing in mammals (Echteler et al.,
1994; Vater and K€ossl, 2011).
It is therefore of considerable functional significance that Vin-

tana has well-developed primary and secondary osseous laminae
along most of the length of its cochlear canal (Hoffmann et al.,
this volume). In mammals, the resonant properties of the basilar
membrane play a key role in determining the frequencies that
are transduced at any point along the organ of Corti (Dallos,
1996; Purves et al., 2012). A base-to-apex gradient in the
mechanical properties of the basilar membrane is the primary
basis for the mechanism of passive frequency analysis common
to living mammals (B�ek�esy, 1960; Echteler et al., 1994). Ana-
tomical features that increase the stiffness of the basilar mem-
brane also increase the resonant frequency of the basilar
membrane and thus the frequency of traveling wave vibrations
that are transduced by the organ of Corti (Echteler et al., 1994;
Dallos, 1996; Purves et al., 2012). Secondary osseous spiral
laminae are variably developed within living therians and are
generally recognized as a mechanism for increasing basilar mem-
brane stiffness and resonant frequency (Wever et al., 1971;
Fleischer, 1976; Ketten, 1992, 2000; K€uç€uk and Abe, 1992;
Vater et al., 2004; Ruf et al., 2009). In most mammals, secondary
osseous spiral laminae are only found in more basal regions
of the cochlea, where high-frequency sounds are transduced by
the inner ear (Echteler et al., 1994). Furthermore, dolphins
and microchiropteran bats that exhibit excellent high-frequency
hearing as an adaptation for echolocation also have extensive and
well-developed secondary osseous spiral laminae, presumably as
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an adaptation for enhanced basilar membrane stiffness (Vater
and K€ossl, 2011).
This same basic functional role of enhancing the stiffness and

resonant frequency of the basilar membrane may also apply to
the primary osseous spiral lamina. Primary osseous spiral lami-
nae are unique to therians among living vertebrates (Meng and
Fox, 1995; Fox and Meng, 1997; Luo et al., 2011, 2012), and, as
noted previously, therians exhibit better high-frequency hearing
than most other vertebrates (Fay, 1992). The only living mam-
mals that lack both primary and secondary osseous spiral lami-
nae are monotremes, which also demonstrate poor high-
frequency hearing compared with therians (Fox and Meng, 1997;
Luo et al., 2011; Vater and K€ossl, 2011; Manley, 2012). The pres-
ence of both primary and secondary osseous laminae therefore
suggests that Vintana resembled living therians in having
expanded high-frequency hearing compared with living monot-
remes. A similar argument has been advanced in support of
high-frequency hearing in the stem therians Dryolestes and Hen-
kelotherium, which also possessed primary and secondary osse-
ous laminae (Ruf et al., 2009; Luo et al., 2011, 2012). Manley
(2012:738) provided an alternate functional interpretation of
cochlear anatomy in these genera, noting that “given the stiffness
of the middle ear apparatus of earlier mammals, an increase in
the stiffness of the basilar membrane would have produced an
improved impedance match between middle and inner ears and
thus improved sensitivity.” Manley (2012:738) concluded that
the evolution of bony laminae supporting the basilar membrane
would not have “immediately enabled very high frequency
hearing,” although it could indicate “a modest increase in the
upper frequency limit.” However, Manley’s functional argument
draws attention to the fact that stiffness of the middle ear primar-
ily limits low-frequency sound transmission to the cochlea
(Fleischer, 1978; Rosowski, 1992, 1994; Miller et al., 2006). As
middle ear stiffness increases, low-frequency hearing is impaired
and the low-frequency limit of hearing increases (Miller et al.,
2006). Among living therians, echolocating species with very
high-frequency hearing such as bottlenose dolphins (Tursiops
truncatus) and the greater horseshoe bat (Rhinolophus ferrume-
quinum) have high middle ear stiffness and comparatively poor
low-frequency hearing as a result (Wilson and Bruns, 1983;
Miller et al., 2006). Accordingly, if Mesozoic mammaliaforms or
stem therians had stiff middle ears associated with persistence of
an ossified Meckel’s cartilage (Ji et al., 2009; Luo, 2011), then it
seems likely that this high stiffness might actually have favored
the evolution of a cochlea adapted for high-frequency hearing
because lower-frequency sound transmission would be impeded.
Similarly, although the relatively modest degree of cochlear cur-
vature in Vintana (Hoffmann et al., this volume) might have
impaired its low-frequency hearing, there is no evidence that
high-frequency hearing would be similarly affected by a lack of
cochlear coiling (Manoussaki et al., 2006, 2008).
These functional considerations suggest that any superficial

resemblance between Vintana and living monotremes in terms of
the length and degree of coiling of the cochlear canal does not
imply that these taxa had similar hearing abilities. The cochlear
canal of Vintana is fundamentally more similar to those of living
therians than those of living monotremes because it possesses
bony structures supporting the basilar membrane and nerve fas-
cicles of the cochlear nerve while lacking evidence of a lagena
(Hoffmann et al., this volume). However, although the presence
of both primary and secondary osseous laminae in Vintana may
be indicative of better high-frequency hearing than in monot-
remes, the lack of coiling and short length of the cochlear canal
suggests that Vintana’s hearing must also have differed from that
of living therians. All other factors being equal, having a longer
basilar membrane permits more frequencies to be encoded by
the mammalian organ of Corti (Fay, 1992; Echteler et al., 1994;
Ketten, 2000; Manley, 2000). Therefore, Vintana seems unlikely

to have been able to encode a similar number of frequencies as
living therians based on its short cochlear length. If our inference
that Vintana was able to hear frequencies in excess of 20 kHz
like living therians is correct, then compared with modern ther-
ians Vintana would either (1) have had a narrower total range of
hearing or (2) have had a relatively broad range of hearing but
with poorer frequency resolution. If either of these possibilities
is correct, then hearing in Vintana would have been unlike that
in any living mammal.

Semicircular Canals and Locomotion

The comparative data presented here on semicircular canal
morphology reveal that Vintana exhibits two features that may
be indicative of high vestibular sensitivity. First, Vintana has
very large semicircular canal radii of curvature relative to its esti-
mated body mass (Fig. 7). This feature is functionally significant
because increases in semicircular canal radius of curvature gen-
erally lead to increases in vestibular sensitivity to angular head
accelerations (Rabbitt et al., 2004; Yang and Hullar, 2007). Sec-
ond, the semicircular canals of Vintana are also more orthogo-
nally oriented than those of most other mammals (Fig. 8;
Table 3). In strepsirrhine primates, semicircular canal orthogo-
nality is a very good predictor of the angular head velocities
encountered during locomotion (Malinzak et al., 2012). Species
such as the southern bushbaby (Galago moholi) that regularly
experience high angular head velocities also tend to have the
most orthogonal semicircular canals, perhaps as an adaptation
for having more uniform sensitivity to rotations about any spatial
axis (Malinzak et al., 2012; Berlin et al., 2013; Table 3). Further-
more, among mammals generally, deviations from canal orthog-
onality are negatively correlated with mean estimated sensitivity
to angular accelerations (Berlin et al., 2013). As a result, species
with high degrees of canal orthogonality such as the swamp wal-
laby (Wallabia bicolor) also tend to have high mean estimates of
vestibular sensitivity (Berlin et al., 2013). Because it possessed
highly orthogonal semicircular canals with large radii of curva-
ture, it therefore seems likely that Vintana was more sensitive in
detecting angular head accelerations than many living mammals
of similar body mass.
Although it is intuitively appealing to link high vestibular sen-

sitivity to the forces that are habitually generated during locomo-
tion, attempts to link canal radius of curvature with locomotion
have met with varying degrees of success. For example, Spoor
et al. (2007) found a weak association between canal radius of
curvature and qualitatively assessed locomotor agility categories
across mammals. In contrast, Malinzak et al. (2012) found no
correlation between canal radius of curvature and observed
angular head velocities in strepsirrhine primates. The compara-
tive data presented here further reinforce the inherent difficul-
ties in making locomotor inferences based on semicircular canal
radius of curvature in fossil taxa. For example, canal radius of
curvature in Vintana closely resembles that reported for the sia-
mang Symphalangus syndactylus (Spoor et al., 2007). Like other
gibbons, siamangs engage in a highly acrobatic form of arm-
swinging arboreal locomotion (‘brachiation’; Nowak, 1991) and
thus might be expected to regularly experience high angular
head accelerations. However, canal radius of curvature in Vin-
tana is also similar to that reported for the woodchuck Marmota
monax (Spoor et al., 2007), which is a semifossorial terrestrial
quadruped with a maximum running speed of only 16 km/h
(Garland, 1983; Nowak, 1991). These comparisons suggest that,
although a large semicircular canal radius of curvature is associ-
ated with higher vestibular sensitivity in mammals (Rabbitt
et al., 2004; Yang and Hullar, 2007), the locomotor implications
of interspecific differences in canal radius may be obscure.
As a result of this ambiguity, the comparative data on semicir-

cular canal orthogonality may be more useful for making
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locomotor inferences than are the data for canal radius. As noted
previously, Vintana has highly orthogonal semicircular canals
compared with those of various crown mammals, both extinct
and extant (Table 3). Of the five living species most comparable
to Vintana in their degree of canal orthogonality, Galago moholi
is an acrobatic arboreal vertical clinger and leaper that is known
to generate high angular head accelerations during locomotion
(Gebo, 1987; Malinzak et al., 2012); Wallabia bicolor, Pedetes
capensis, and Potorous tridactylus are saltatory terrestrial species
with high mean estimated semicircular canal sensitivity (Nowak,
1991; Berlin et al., 2013); and Equus caballus is a cursorial terres-
trial quadruped capable of running at approximately 70 km/h
(Garland, 1983; Nowak, 1991). Furthermore, the 90dev value for
Vintana lies within the range of only three of the locomotor cate-
gories considered here: gliders, saltators, and vertical clingers
and leapers (Fig. 8). At the same time, the 90dev value for Vin-
tana falls below the ranges of aquatic, fossorial, semiaquatic,
volant, arboreal quadrupedal, semiterrestrial, and terrestrial
quadrupedal species. Some caution is warranted in interpreting
these data, in part because sample sizes for extant species are
small and thus the effect of intraspecific variation in canal
orthogonality is unknown (Berlin et al., 2013; Ekdale, 2013).
Furthermore, the locomotor categories used here were opportu-
nistically defined as a heuristic tool for data exploration, and it is
not clear whether taxa included within these groups experience
similar angular head accelerations during locomotion. Nonethe-
less, these comparative data are at least consistent with the possi-
bility that Vintana engaged in rapid and/or agile locomotion that
required high vestibular sensitivity. This interpretation is also
concordant with the large semicircular canal radii of Vintana
(Fig. 7) and with the fact that the large orbits of Vintana may
have accommodated large eyes (Heard-Booth and Kirk, 2012;
Kemp and Kirk, 2014; see below).

Olfaction

Vintana preserves the earliest clear evidence among synapsids
for the presence of a well-developed system of turbinals within
the nasal cavity (Krause et al., 2014, this volume). Preserved tur-
binal elements include the basal laminae of ethmoturbinal 1 and
a series of ethmoturbinals located adjacent to the olfactory bulb.
The latter group of ethmoturbinals were located within a cupular
( D olfactory) recess that was separated from the nasopharyngeal
canal by a transverse bony lamina (Krause et al., this volume:
figs. 35, 37D). The nasal cavity of Vintana thus appears to have
resembled those of living mammals in exhibiting functional seg-
regation of structures related to olfaction and respiration (Cave,
1973). Furthermore, in extant mammals, large portions of the
ethmoturbinals and cupular recess are lined with olfactory epi-
thelium (Smith et al., 2004, 2007, 2012; Rowe et al., 2005).
Accordingly, the bony anatomy of Vintana’s nasal fossa strongly
suggests that it resembled living mammals in possessing a large
area of olfactory epithelium as a site for odorant binding and
olfactory transduction.
A large presumptive area of olfactory epithelium is also con-

sistent with the comparatively large size of the olfactory bulbs in
Vintana (Hoffmann et al., this volume:fig. 4). As noted by Hoff-
mann et al. (this volume), the olfactory bulb endocasts of Vin-
tana are very large relative to both estimated body mass and
total endocranial volume. Indeed, comparisons of olfactory bulb
volume and body mass have demonstrated that relative olfactory
bulb size in Vintana exceeds that of similar-sized macrosmatic
taxa such as the armadillo Dasypus and the long-beaked echidna
Zaglossus (Ferrari et al., 1998; Macrini et al., 2006; Hoffmann
et al., this volume:fig. 13). Vintana also exhibits olfactory bulbs
that are larger as a percentage of total endocranial volume (ca.
14.5%) than those of any living mammal or fossil mammaliaform

for which quantitative data are available (Hoffmann et al., this
volume:fig. 12, table S2).
The twin observations that Vintana (1) probably possessed a

large area of olfactory epithelium and (2) exhibited very large
olfactory bulbs have important functional implications. Because
olfactory receptor neurons are expressed in the olfactory epithe-
lium (Spehr and Munger, 2009), a large epithelial area in Vintana
would presumably have been associated with a large total num-
ber of olfactory receptor neurons. In turn, a large total number
of olfactory receptor neurons could help to explain the very large
size of the olfactory bulbs in Vintana. As the first site of synapse
in both the main and accessory (i.e., vomeronasal) olfactory sys-
tems, the olfactory bulbs of mammals are composed of glomeruli
that receive input from receptor neurons in the olfactory epithe-
lium and the vomeronasal sensory epithelium (for reviews, see
Mori et al., 1999; Dulac and Torello, 2003; Halpern and
Mart�ınez-Marcos, 2003; Mart�ınez-Marcos, 2009; Spehr and
Munger, 2009; Su�arez et al., 2012). In the main olfactory system,
the axons for all receptor neurons of a given type converge on a
single glomerulus, so that there is a one-to-one correspondence
between the number of expressed olfactory receptor genes and
the number of glomeruli in each bulb (Su�arez et al., 2012).
Although the holotypic cranium of Vintana provides no evidence
regarding its accessory olfactory system, in living therians the
portion of the olfactory bulbs that receive input from vomero-
nasal receptor neurons represents only a tiny fraction of total
olfactory bulb volume (e.g., 0.003% in Setifer, 0.005% in Talpa,
and 0.006% in Erinaceus; Stephan et al., 1981). Accordingly, the
very large olfactory bulbs of Vintana provide prima facie evi-
dence that glomeruli receiving input from the olfactory epithe-
lium were numerous and/or large. Glomerular number should be
largely determined by the number of functional genes for olfac-
tory receptor proteins. Glomerular size is expected to vary with
the total number of receptor neurons in the olfactory periphery
(cf. Williams et al., 2010). If these assumptions are correct, then
species such as Vintana with very large olfactory bulbs probably
also had a large number of functional olfactory receptor genes,
as well as a large number of receptor neurons expressing these
genes in the olfactory epithelium. According to this logic, the
presence of a complex series of of ethmoturbinals (Krause et al.,
this volume) and a large olfactory bulb (Hoffmann et al., this
volume) in Vintana are functionally linked to the evolution of
keen olfactory abilities.
Among living therians, the number of main olfactory receptor

genes is expanded substantially compared with non-mammalian
tetrapods (Nei et al., 2008; Steiger et al., 2009a, 2009b; Niimura,
2012). In the platypus Ornithorhynchus, the number of type-1
vomeronasal receptor genes is much greater than in non-mam-
mals, but the number of main olfactory receptor genes is not
(Nei et al., 2008; Niimura, 2012). BecauseOrnithorhynchus lacks
evidence of a large number of olfactory pseudogenes that might
be associated with a transition to a semiaquatic lifestyle (Kishida
et al., 2007; McGowen et al., 2008; Nei et al., 2008), the available
genetic data suggest that a major expansion of the total number
of main olfactory receptor genes occurred in the therian stem
lineage. Some caution is warranted in drawing this conclusion
because the number of olfactory genes is currently unknown for
echidnas, but both Tachyglossus and Zaglossus have larger olfac-
tory bulbs thanOrnithorhynchus (Macrini et al., 2006; Hoffmann
et al., this volume). Nevertheless, based on the very large relative
size of its olfactory bulbs, Vintana may have resembled extant
therians in having a greatly expanded olfactory receptor gene
complement. An increased number of functional olfactory recep-
tor genes should confer an ability to detect a greater number of
total odorant types (Mori et al., 1999; Saito et al., 2009; Niimura,
2012), so it seems likely that Vintana would have resembled
many living therians in being able to detect and discriminate
among a large number of odorants.
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CONCLUSIONS

The very large orbits of Vintana relative to cranial size (Figs. 2,
3) are consistent with two possible functional interpretations.
First, Vintana may have had relatively large eyes like extant fel-
ids, bovids, and cervids. Although activity pattern cannot be
ascertained for Vintana in the absence of additional data
(Fig. 4), large eyes would have potentially increased sensitivity
under mesopic and scotopic conditions and enhanced acuity at
all environmental light levels (Walls, 1942; Hughes, 1977; Land
and Nilsson, 2012). Second, it is also possible that the derived
masticatory and zygomatic arch anatomy of Vintana (Krause
et al., this volume; Schultz et al., this volume) caused orbital size
to overestimate eye size, as in living xenarthrans. In this case, a
smaller eye size in Vintana would be associated with more mod-
est degrees of visual acuity and sensitivity. We favor the interpre-
tation of large eye size because Vintana also exhibits a very large
mean semicircular canal radius of curvature relative to its body
mass (Fig. 7). Kemp and Kirk (2014) have shown that the best
predictors of semicircular canal radius of curvature in living
mammals are body mass, eye size, and visual acuity. Although
selection for increased eye size may be attributed to a variety of
factors (Ross and Kirk, 2007; Veilleux and Kirk, 2009, 2014;
Heard-Booth and Kirk, 2012), large eyes appear to require more
sensitive semicircular canals with larger radii of curvature in
order to provide the necessary feedback for maintaining visual
stability (Kemp and Kirk, 2014). These considerations suggest
that the presence of both very large orbits and semicircular
canals with very large radii in Vintana is not coincidental.
Despite the fact that quantitative data on orbital size in Meso-

zoic mammaliaforms are typically not reported, it is evident
qualitatively that orbital size was quite variable. Some Mesozoic
taxa such as Hadrocodium (Luo et al., 2001) appear to have pos-
sessed very small orbits relative to cranial size, whereas others
such as Kryptobaatar (Kielan-Jaworowska et al., 2005) clearly
had relatively much larger orbits. Vintana is therefore not unique
among Mesozoic taxa in possessing relatively large orbits com-
pared with the presumed plesiomorphic condition for mamma-
liaforms (Walls, 1942; Polyak, 1957). Nonetheless, it is striking
that Vintana has larger orbits than most living mammals of com-
parable cranial size and most closely resembles extant species
that have very large orbits and eyes. These results suggest that
Vintana probably evolved larger orbits and eyes after stem mam-
mals underwent reductions in their visual anatomy during the
Mesozoic ‘nocturnal bottleneck’ (Walls, 1942; Polyak, 1957; Jeri-
son, 1973; Heesy and Hall, 2010; Hall et al., 2012; Gerkema
et al., 2013). Whether the inferred large eyes of Vintana reflect a
change in diel activity pattern or some other aspect of visual
ecology (e.g., nocturnal lunar philia) is currently unclear, but the
recovery of additional fossil material (e.g., crania that preserve
measurable optic foramina; Kay and Kirk, 2000; Kirk and Kay,
2004) may shed further light on this issue.
The inner ear of Vintana presents a mosaic of characteristics

that are not found in any living taxon. However, Vintana is similar
to Dryolestes leiriensis in having a cochlear canal that is absolutely
shorter and less curved than in living mammals, in possessing
cochlear primary and secondary osseous laminae, and in presumed
loss of the macula lagena (Luo et al., 2011, 2012; Hoffmann et al.,
this volume). As noted previously, the evolution of osseous lami-
nae is probably functionally related to increasing the stiffness of
the basilar membrane and thus increasing the high-frequency sen-
sitivity of the organ of Corti (Wever et al., 1971; Fleischer, 1976;
Ketten, 1992, 2000; K€uç€uk and Abe, 1992; Echteler et al., 1994;
Vater et al., 2004; Vater and K€ossl, 2011). Furthermore, the evolu-
tion of a longer cochlea in extant therians allows the organ of
Corti to encode an absolutely greater number of frequencies (Fay,
1992; Echteler et al., 1994; Ketten, 2000; Manley, 2000). These
functional considerations suggest that the cochlea of Vintana was

capable of responding to frequencies in excess of 20 kHz. In this
respect, Vintana probably resembled living therians and differed
from extant monotremes, which lack direct bony support for the
basilar membrane (Fox and Meng, 1997; Luo et al., 2011; Vater
and K€ossl, 2011; Manley, 2012). However, the short cochlear canal
of Vintana (Fig. 6) implies that it would have been incapable of
encoding a wide range of frequencies as in extant therians (Fay,
1992). Although it is not clear based on these results whether Vin-
tana (1) was able to hear a relatively narrow range of higher fre-
quencies or (2) had comparatively poor frequency resolution over
a broader range of frequencies, it seems safe to conclude that
there is no precise analogue among living mammals for the hear-
ing abilities of Vintana. Nevertheless, these findings support the
conclusion that high-frequency hearing in mammals evolved after
the loss of the macula lagena (Manley, 2012) but prior to the evo-
lution of a long and fully coiled cochlea (Ruf et al., 2009; Luo
et al., 2011, 2012). With the recovery of additional fossil material,
these conclusions may be critically assessed using other functional
correlates of hearing, such as the width of the gap between the pri-
mary and secondary osseous laminae (Fleischer, 1976), cochlear
volume (Kirk and Gosselin-Ildari, 2009), oval window area (Cole-
man and Boyer, 2012), and middle ear morphology (Rosowski,
1992).
The semicircular canals of Vintana are notable both for their

very large radii of curvature (Fig. 7) and for their high degree of
orthogonality (Fig. 8). These features are functionally associated
with enhanced vestibular sensitivity to angular accelerations
(Rabbitt et al., 2004; Yang and Hullar, 2007; Malinzak et al.,
2012; Berlin et al., 2013), suggesting that Vintana may have
required highly sensitive canals to stabilize its large eyes during
locomotion (Kemp and Kirk, 2014). These features are also con-
sistent with the possibility that Vintana engaged in rapid and/or
agile locomotion, but the precise mode of locomotion is unclear
in the absence of postcranial fossils for Vintana (or any other
gondwanatherian).
The olfactory anatomy of Vintana is also remarkable in several

respects. First, Vintana provides the earliest direct evidence in
mammalian evolution for the evolution of a complex system of
ethmoturbinals and for functional segregation of the olfactory
and respiratory components of the nasal cavity (Krause et al.,
this volume). As in living mammals, these bony features would
presumably have increased the total area of olfactory epithelium
in the portions of the nasal cavity devoted to the sense of smell.
Second, whether olfactory bulb size is considered in relation to
body mass or brain size, Vintana exhibits one of the largest olfac-
tory bulbs known for crown mammals and fossil mammaliaforms
(Hoffmann et al., this volume). Both the complexity of the nasal
cavity and the large size of the olfactory bulbs in Vintana may be
tied to the evolution of an expanded number of olfactory recep-
tor genes and concomitant improvements in olfactory abilities.
In summary, Vintana sertichi demonstrates a unique suite of

sensory adaptations that distinguish it from both crown mam-
mals and from Mesozoic mammaliaforms and their outgroups.
The available comparative data suggest that Vintana possessed
large eyes, which would have greatly enhanced its visual func-
tionality compared with small-eyed basal mammaliaforms. Vin-
tana probably also exhibited a number of sensory adaptations
that are shared with living therians: (1) the ability to hear fre-
quencies greater than 20 kHz; (2) a rostrum that was moderately
sensitive to tactile stimuli; and (3) an acute and sensitive sense of
smell. These features are generally thought to have evolved in
response to a de-emphasis on vision during a Mesozoic
‘nocturnal bottleneck’ (Walls, 1942; Polyak, 1957; Jerison, 1973;
Heesy and Hall, 2010; Hall et al., 2012; Gerkema et al., 2013),
suggesting that the large eyes inferred for Vintana represent a
secondary return to the condition in non-mammaliaform cyno-
donts. Although the high-frequency limit of hearing in Vintana
was probably greater than that of extant monotremes, its short
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organ of Corti was probably incapable of encoding a similar
number of frequencies as in living therians. Vintana also proba-
bly possessed an inner ear that was relatively sensitive to angular
head accelerations, perhaps as an adaptation for stabilizing its
large eyes during agile locomotion.
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