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ABSTRACT OF THE DISSERTATION

The cribriform plate:

Evolution of mammalian olfaction written in bone

Deborah Jean Bird
Doctor of Philosophy in Biology
University of California, Los Angeles, 2017

Professor Blaire Van Valkenburgh, Chair

Deep inside the snout of nearly every mammal is a small, perforated bone that separates
the nasal cavity from the brain case. It is called the cribriform plate (CP). Its holes, or
foramina, usher olfactory nerve bundles on their path from nasal epithelium to the
olfactory bulb of the brain. The imprint left in the CP bone by these nerves is the subject of
this study. The size of the imprint describes the relative olfactory innervation in a given
animal’s nose and varies under ecological and evolutionary pressures across all mammal
species. As a well-preserved, quantifiable feature of skull morphology, the CP is a
potentially informative tool for comparing olfactory capacity in extant as well as extinct
species. However, in general, the CP is overlooked and understudied. This study
developed novel digital methods to conduct a comprehensive comparative analysis of CP

morphology across species from all mammalian superorders. I further analyzed relative CP
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size in the context of skull morphology, olfactory genomics, habitat, and behavior, to test
the hypothesis that the CP is a valid proxy of olfactory function. I found a tight covariance
between the surface area of the CP and the olfactory-related ethmoid and nasal turbinal
bones. Results further revealed a strong positive relationship between relative CP size and
the number of olfactory receptor genes in a species’ genome. I confirmed the near or total
loss of the CP in the bottlenose dolphin (Tursiops truncatus) and reported an unsurpassed
expansion in the relative CP size of the African elephant (Loxodonta africana), paralleling
its highly expanded OR gene repertoire. Finally, this study discovered that within
Carnivora, aquatic species, which are known to forage underwater without odor cues, have
significantly smaller relative CPs than their terrestrial relatives. Within the aquatic
carnivoran pinnipeds and sea otter, | found that relative CP size is inversely correlated with
both diving depth and duration, suggesting that secondary adaptation to life underwater,
especially at depth, favored the loss of olfactory function and morphology. In summary, the
morphological, molecular and ecological coherence found in this study reinforces the CP as
a stand-alone proxy of olfactory capacity that can be applied to living and extinct species,
allowing us to document the evolution of olfactory function within mammals over geologic

time.
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Quantifying the Cribriform Plate:
Influences of Allometry, Function,
and Phylogeny in Carnivora

DEBORAH J. BIRD,* ARSINEH AMIRKHANIAN, BENISON PANG,
AND BLATRE VAN VALKENBURGH

Department of Ecology and Evolutionary Biology, UCLA, Los Angeles, California

ABSTRACT

The small, perforated bony cup of the anterior cranial fossa called
the cribriform plate (CP) is perhaps the best-preserved remnant of olfac-
tory anatomy in fossil mammal skulls. The CP and its myriad foramina
record the passage of peripheral olfactory nerves from nasal cavity to
olfactory bulb. Previous work has suggested that CP surface area reflects
aspects of olfactory capacity (as inferred from habitat and observed
behavior) in mammals. To further explore the utility of CP as a proxy for
olfactory function, we designed novel, nondestructive digital methods to
quantify CP morphology from dry skulls. Using CT scans and 3-D imag-
ing software, we quantified CP features from 42 species of Carnivora, a
group that represents a wide spectrum of ecologies and sensory demands.
Two metrics, CP surface area (CPSA) and cumulative CP foramina area
(FXSA), scaled to skull length with negative allometry, and differed
between aquatic and terrestrial species, with the former having reduced
areas. Number of foramina (NF) was not correlated with skull length but
tended to be greater in caniforms than feliforms. Both CPSA and FXSA
are well correlated with ethmoturbinal surface area, a known osteological
correlate of olfactory function. This suggests that CPSA and FXSA are
useful proxies for olfactory ability, especially when studying fossils or
skulls in which turbinals are not preserved. Total area of CP foramina
(FXSA), an exacting measure of olfactory nerve endocasts, is tightly corre-
lated with CPSA. Because of this, it may be desirable to use CPSA alone
as a proxy given that it is easier to measure than FXSA.
Anat Rec, 297:2080-2092, 2014. © 2014 Wiley Periodicals, Inc.

Key words: cribriform plate; olfaction; Carnivora; turbinal;
turbinate; olfactory function

INTRODUCTION

We know little about the olfactory ecology of extinct
mammals largely because we do not have an osteological
proxy for olfactory ability that is likely to be preserved in
fossils and that can be accessed without damaging speci-
mens. Previous workers have relied on the relative size of
the ethmoturbinal bones to infer olfactory function, or
reliance on olfaction, in extant mammals (Allen, 1882;
Negus, 1958; Maier, 1993; Maier et al., 1996; Smith et al.,
2004; Van Valkenburgh et al., 2004, 2011; Green et al.,
2012), but turbinals are fragile and rarely preserved in
fossil skulls. A second possible metric, olfactory bulb vol-
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Additional Supporting Information may be found in the online
version of this article.

Grant sponsor: NSF Graduate Research Fellowship Program;
Grant number: DGE-1144087; Grant sponsor: NSF; Grant num-
bers: I0B-0517748, 10S-1119768.

*Corresponding to: Deborah Bird, Department of Ecology and
Evolutionary Biology, University of California, Los Angeles
90095, CA. Fax: 310-206-3987. E-mail: dbirdseed@gmail.com

Received 24 June 2014; Accepted 25 June 2014.

DOI 10.1002/ar.23032
Published online in Wiley Online Library (wileyonlinelibrary.
com).



Rostral

Caudal

Fig. 1. Cribriform plate shown in the sagittally sectioned skull of a
grizzly bear (Ursus arctos). Arrowhead: Caudal aspect of cribriform
plate. Arrows: ethmoturbinals; MT: maxilloturbinals; FS: frontal sinus.
Skull courtesy of George Stevenson and Montana Fish, Wildlife and
Parks. Scale bar: 5 cm.

ume, can be approximated from fossil cranial endocasts
(Gittleman, 1991), but estimates may be unreliable, as
the boundaries of the olfactory bulb cavity are inconsis-
tent (Smith and Rossie, 2006). A third metric, the relative
size of the cribriform plate (CP), is more promising. CP
surface area has been shown to correlate with aspects of
olfactory function (Bhatnagar and Kallen, 1974;
Pihlstrom et al., 2005) and does preserve in fossils
(Joeckel et al., 1997; Hoch, 2000; Kielan-Jaworowska,
2004; Garcia et al., 2007; Godfrey et al., 2013).

The CP, or lamina cribrosa, is a perforated cup of eth-
moid bone that separates the nasal chamber from the
olfactory bulb in mammals (Fig. 1). The myriad CP
foramina are the only points of passage for axons from
olfactory sensory neurons streaming from snout to brain
and so provide an osseous imprint of peripheral olfactory
innervation (Farbman, 1992). Tissue passing through
the CP includes small amounts of connective tissue, cir-
culating cerebrospinal fluid, and an occasional small ves-
sel but is predominantly made up of axon fascicles
(Doucette, 1991; Silver et al., 2002; Kavoi et al., 2010).
For this reason, the CP and its foramina might be a rea-
sonable proxy for the relative number of olfactory neu-
rons transmitting information from the nose to the
olfactory bulb (Paulli, 1900; Negus, 1958).

CP morphology, specifically its size and shape as well
as the distribution, number and size of its foramina,
varies markedly across mammalian taxa. It is the
assumption of this article that the CP is an informative
feature of olfactory anatomy, that aspects of the variation
in CP morphology reflect differences in olfactory function
(Allen, 1882; Negus, 1958). Olfactory capabilities of mam-
mals can be defined in many ways and have been
described variously as detection sensitivity (Marshall
et al., 1981; Doty et al., 1984; Meisami, 1989), odor dis-
crimination (Friedrich, 2006), and breadth of odor recep-
tion (Saito et al., 2004). For this study we have chosen to
define olfactory capacity in terms of relative reliance on
olfaction, something that can best be inferred from an ani-
mal’s habitat and observed behavior (Kruuk, 1972; Estes,
1989; Ewer, 1998). Previous studies have begun to link
CP morphology to ecology. It has been established that
the CP, a trait unique to mammals, is secondarily reduced
or lost altogether in obligate aquatic species. In the
toothed cetaceans or Odontoceti, for example, the CP is
present as anlage in the fetus but is entirely absent in the

adult animal (Buhl and Oelschlager, 1988; Oelschlager,
1992, 2000; Colbert et al., 2005). Similarly, the adult mys-
ticetes, or baleen whales, have lost all but a very rudimen-
tary CP (Oelschlager, 1989). In the platypus
(Ornithorynchus anatinus), an aquatic monotreme, the
signature multitude of CP foramina has devolved into a
single opening, while the closely related echidna (Tachy-
glossus aculeatus) maintains a fully formed CP (Kuhn,
1971; Zeller, 1988). Among terrestrial mammals, one
clade known for its developed visual anatomy, the anthro-
poid primates, have exceptionally small CPs (Pihlstrom
et al., 2005; Nummela et al., 2013). Diet may also be
linked to CP morphology, as one comparative study of 40
bat species showed that frugivorous bats have a higher
density of CP foramina than do insectivorous species
(Bhatnagar and Kallen, 1974).

In order to clarify the relationship between CP mor-
phology and behavioral ecology and infer the relationship
between CP morphology and olfactory function in living
and extinct species, we need to first establish rigorous,
accurate methods of quantifying variation in the CP. Pre-
vious workers have focused on the surface area of the
plate and number of foramina, using internal molds or
direct measurements from sectioned skulls (Bhatnagar
and Kallen, 1974; Pihlstrom et al., 2005). However, nei-
ther of these approaches is likely to be useful for fossil
specimens. The CP is located in the anterior cranial fossa
and can only be seen clearly by removing the calvaria, or
skull roof. The cranial and nasal cavities of a fossilized
skull are typically filled with matrix, making direct access
to the plate even more problematic. Previous methods of
studying CP size have additional limitations. Estimates of
surface area calculated from linear measurements alone
may be inaccurate, because CP shape is irregular and
highly variable in most dimensions. Additionally, it is
impossible to quantify the finer CP features, such as the
total cross-sectional area of its foramina from direct meas-
urements. However, the CP can now be visualized using
computed tomography (CT) and imaging software, thus
allowing quantification of variation in CP morphology,
close examination of novel features, and the potential for
studying olfactory anatomy in extinct taxa.

Before attempting to infer olfactory function in fossil
mammals from CP surface area and/or foramina size
and number, it is essential to understand the variation
in these parameters across a broad sample of living spe-
cies of known ecologies and body size. Not only do we
need to know how CP size and foramina dimensions
vary with body size and phylogeny, but we also need to
understand the relationship among the three parame-
ters: CP surface area, total cross-sectional area of CP
foramina, and foramina count. This baseline information
is needed to establish expected scaling relationships and
thereby allow us to identify species that deviate from
the expected, presumably due to olfactory adaptations.

Here, we present the first comparative analysis of CP
morphology based on CT scans across a diverse sample
of mammal species, all within the order Carnivora. We
chose this order in part due to the ready availability of
previously scanned skulls (Van Valkenburgh et al.,
2004, 2011; Green et al., 2012), but also because carni-
vorans vary widely in body size and CP morphology
and represent disparate ecologies with differing olfac-
tory demands (Estes, 1991; Ewer, 1998; Wilson and Mit-
termeier, 2009).



TABLE 1. Sample species with associated skull length (orbit to occipital condyle length: OOL), cribriform
plate surface area (CPSA), total cross-sectional area of CP foramina (FXSA), total number of CP foramina
(NF), and olfactory turbinal surface area (OTSA)

OOL: orbit to CPSA: FXSA: foramina OTSA: olfact.
occipital CP surface  cross-sectional =~ NF: number of turbinal surface
Code Species Sex length (mm) area (mm®) area (mm®) CP foramina area (mm®)
MME Mephitis mephitis M 56.49 334.65 338 13374.8
F 50.05 279.35 64.08 356 7153.8
ELU  Enhydra lutris M 113.93 418.79 65.44 208 6182.24
F 106.29 373.53 53.72 274 7523.26
GGU  Gulo gulo M 103.6 889.60 146.12 454 71642.28
F 100.78 813.88 150.16 502 52550.38
LCA  Lontra canadensis M 87.14 223.29 56.06 328 8299.78
F 89.24 280.77 55.78 410 10995.26
MFR  Mustela frenata M 39.05 70.43 15.06 298 1695.08
F 31.67 49.50 11.68 270 3018.24
NVI  Neovison vison M 59.96 125.09 30.74 368 4713.96
TTA  Taxidea taxus M 78.09 558.62 23246.96
F 86.3 664.17 123.36 652 22955.14
PFL  Potos flavus M 66.76 268.54 67.88 308 11385.12
F 64.56 228.84 44.46 248 12854.3
PLO  Procyon lotor M 75.53 353.08 66.00 314 19399.32
F 77.94 412.00 85.74 394 22357.16
HLE  Hydrurga leptonyx M 254.23 992.41 148.94 248 65081.22
F 273.88 973.30 42075.5
MAN Mirounga angustirostris F 181.51 388.51 41.6 94 9189.19
MTR  Monachus tropicalis M 187.09 510.89 21230.51
F 170.38 406.99 50.02 86 18048.2
ZCA  Zalophus californianus M 214.3 868.25 149.30 216 17527.7
F 155.72 599.72 105.1 236 9323.76
UAM  Ursus americanus M 196.6 1607.41 486.34 606
F 129.79 1339.36 590 72682.8
UAR  Ursus arctos U 194.8 1467.82 487.618 826
F 205.65 2317.92 664 143929.5
UMA  Ursus maritimus M 266.74 2800.14 254792
F 232.1 2453.58 865.22 804
CLA  Canis latrans M 105.11 918.24 144.17 540 40071.5
F 99.9 826.96 123.46 516 46420.34
CLU  Canis lupus M 135.87 1045.53 194.126 572 116248.6
F 122.37 946.09 193.704 578
CME Canis mesomelas U 94.17 732.03 121.046
CSI Canis simensis U 105.64 928.92 143.244
LPI Lycaon pictus M 114.97 799.46 162.358 450
F 112.9 813.55 198.072 540 70391.68
NPR  Nyctereutes procyonoides M 73.98 446.45 72.39 368 16364.9
F 68.63 391.83 78.522 392 17934.82
OME Otocyon megalotis M 73.46 332.72 64.288 350 10671.5
F 70.24 308.27 61.04 372 13394.84
SVE  Speothos venaticus M 94.5 380.41 92.724 354 19668.1
UCI Urocyon cinereoargenteus M 73.72 290.80 46.24 352 10008.84
F 73.46 296.33 61.44 428 13855.94
VLA  Vulpes lagopus M 95.76 585.36 107 604 33182.98
F 73.73 572.38 117.68 644 27662.68
VMA  Vulpes macrotis M 64 349.05 62.28 612 12824.28
F 76.43 356.02 69.778 646 14059.76
VVU  Vulpes vulpes M 84.84 636.29 193.43 578 35840.3
F 80.06 644.19 173.128 582 33264.32
CCR  Crocuta crocuta M 155.53 1074.06 175.06 244 48966.68
F 151.54 1157.79 165.70 260 73130.6
PBR  Parahyaena brunnea M 146.46 1167.44 188.88 252 89789.1
U 151.07 1322.74 172.538 196 99297.46
HHY Hyaena hyaena M 132.92 1057.66 235.428 240 64866.06
PCR  Proteles cristata F 88.09 325.32 57.692 258 12361.48
GSA  Galerella sanguinea M 48.53 101.82 26.44 206 2539.22
F 46.14 87.25 18.58 170 1526.82
SSU  Suricata suricatta M 40.55 81.05 17.58 1055.72
F 41.52 95.30 23.94 1689.46
PPA  Panthera pardus M 159.66 712.55 125.14 158 73781.4
LPA  Leopardus pardalis M 98.76 293.326 83.184 192 21192.06




TABLE 1. (continued).

OOL: orbit to CPSA: FXSA: foramina OTSA: olfact.
occipital CP surface  cross-sectional ~ NF: number of turbinal surface

Code Species Sex length (mm) area (mm?) area (mm?) CP foramina area (mm?)

F 100.92 315.17
LRU  Lynx rufus M 79.13 196.54 51.01 148 14852.92

F 94.69 184.14 49.95 170 13479.12
AJU  Acinonyx jubatus M 120.46 433.79 117.98 128 43846.78

F 112.07 369.54 96.52 116 22123.96
PCO  Puma concolor M 127.47 906.49 178.12 244 85849.7

F 124.36 686.83 154.16 220 60988.42
FSY  Felis silvestris M 67.27 178.51 43.81 214 11151.94

F 62.45 145.75 37.56 178 6309.66
PLE Panthera leo M 209.79 1046.5 242.56 216 114745.3

F 173.97 1041.53 219.42 264 79182.04
NNE  Neofelis nebulosa M 120.58 479.04 84.942 112

The code column is a guide to species abbreviations used to identify data points on the graphs in Figs. 7-9. Gaps in the
data for the finer parameters (FXSA, NF) are due to the insufficient resolution of some existing scans.

Our study had four objectives, the first of which was to
establish methodologies for quantifying three key fea-
tures of CP morphology (CP surface area, total cross-
sectional area of foramina, total number of foramina)
using high-resolution CT scans and imaging software.
This proved to be a significant challenge given the intri-
cate and complex anatomy of CPs; a single foramen on the
caudal aspect may represent the confluence of multiple
foramina on the rostral aspect, and the level of CT scan
resolution required to visualize such minute features was
difficult to achieve in our largest skulls. Having measured
the three parameters, our next objective was to study the
relationship among them. Does foramina number or size
increase linearly with CP surface area? Does one parame-
ter predict another? Such questions are especially impor-
tant in cases where features of the CP are damaged or
scan quality is poor. Our-third objective was to under-
stand how each of the parameters scaled with body mass,
and our fourth was to explore the relationship between
CP data and a previously established osteological corre-
late of olfaction, ethmoturbinal surface area. New meth-
ods secured from this study open the door to close
examination of CP morphology in both fresh heads and
fossil skulls embedded in matrix. While this article does
not tackle questions of olfactory function, CP data gath-
ered from animals representing divergent olfactory ecolo-
gies provide the basis for just such studies in the future.

MATERIAL AND METHODS
Sample

We sampled 77 skulls from 42 species and six families
of carnivorans (Table 1). With the exception of the tropi-
cal monk seal (Monachus tropicalis), all species are
extant. The sample spans a wide range of body sizes (<1
to >500 kg) and represents a cross-section of behavioral
ecologies. Availability permitting, we sampled two wild-
caught adult specimens, one male, one female, for each
species. Most skulls were scanned at the University of
Texas High-Resolution CT Scanning Facility (http://
www.ctlab.geo.utexas.edu). The field of view for each
scan was restricted to the CP and surrounding ethmo-
turbinals in order to maximize resolution. Slice thick-
ness ranges from 15 to 250 um. Resolution for the large

ursids was not sufficient to measure the small and com-
plex CP foramina, so these species were rescanned on
the phoenix vltomelx s™ scanner at General Electric
Inspection Technologies Facilities (http:/www.ge-mcs.
com/en/inspection-technologies.html).  Slice thickness
was reduced and scan resolution improved, by an order
of magnitude. All University of Texas scans are available
through Digimorph (http:/www.digimorph.org).

A three-dimensional digital model of the CP was made
from each of the scans (Fig. 2). To do so, the scan was
first imported into the visualization software package
Mimics 15.0 (Materialise). A threshold was chosen that
best delineated bone from nonbone. Using segmentation,
bone that included the CP and the most posterior ethmo-
turbinals was selected and committed to a 2-D mask
(Fig. 2B), which was then reconstructed as a 3-D model
(Fig. 2C). Once rendered, these models could be rotated
and magnified, allowing close access to any feature of
the CP from any vantage point.

The first metric, CP surface area (CPSA), is defined
here as the area of the CP perforated by olfactory foram-
ina. It excludes the lateral section that is perforated
only by the ethmoid foramen, a large passageway for the
nasociliary branch of the trigeminal nerve. Establishing
an accurate measure of CP bone surface within a com-
plex latticework of openings is prohibitively difficult
(Fig. 3A), so we first create a continuous surface in
Mimics 15.1 using a wrapping function that fills the
foramina in the 3-D model virtually (Fig. 2B). We import
the wrapped model into a second imaging program, 3-
matic 7.0.1 (Materialise) and select the area (Fig. 3C).
Surface area is then isolated and calculated in 3-matic
based on the number of triangles selected.

The second metric, total cross-sectional area of CP
foramina (FXSA), is an estimate of the relative area
occupied by peripheral olfactory nerves crossing the CP
from snout to brain. We devised a unique metric that
quantifies a surface not of bone but of missing bone.
Specifically, we applied a “necklace” or spline of coordi-
nate points along the perimeter of each foramen in the
3-D model (Fig. 4B). Splines from all foramina are
imported into Rhinoceros 4, a NURBS-based 3-D model-
ing software (McNeel and Associates). Rhinoceros then
calculates the area of each foramen as a nonplanar



Fig. 2. Cribriform plate (CP), from bone to digital reconstruction. (A)
Skull of grizzly bear (Ursus arctos) with calavaria removed, viewed
from caudal aspect. Arrowhead: CP. Inset: close-up of caudal surface
and foramina of CP. (B) Segmentation: CT scan of CP and surrounding
turbinals (in coronal view) is imported into Mimics 15.0; CP bone (red)

is selected and committed to 2-D mask. Scan produced on phoenix
vltome|x s™ high-resolution scanner. (C) Reconstructed 3-D model of
CP (red) seen from caudal aspect inside skull matrix (yellow). CG:
crista galli; ET: Ethmoturbinals; OBC: olfactory bulb cavity. Scale bar:
1cm.

Fig. 3. Measuring CP surface area. (A) 3-D CP model from North American river otter (Lontra canaden-
sis) made in Mimics 15.0, as viewed from caudal aspect. (B) A continuous surface is created in Mimics
by virtually filling foramina with a wrap function. (C) Wrapped model is imported into 3-matic 7.0.1. Sur-
face area of perforate zone in CP is selected. (D) CP surface is isolated and area calculated. CG: Crista
galli.

surface between coordinate points within a voxel matrix
and then totals them, giving us FXSA (Fig. 4C). In
nearly all cases, splines were applied to single foramina,
but wherever one foramen on the caudal aspect was
made up of several foramina feeding into it from the ros-
tral side, the single, caudal-most foramen was measured
(Fig. 4B). This ensured that the cross-sectional area was
measured at the narrowest passage through the bone,
this being the maximum diameter available for nerve
tissue crossing the CP at this point. Of our three met-
rics, FXSA is perhaps the closest representation of olfac-
tory nerve bundles, but it presents two practical
limitations. In addition to being time-intensive, meas-
uring FXSA requires extra high-resolution scans. Due to
the uneven quality of some of our older CT scans, FXSA
data do not exist for some specimens in our sample.

To count the total number of CP foramina (NF) in
each specimen, we assigned numbered points to each
opening on the 3-D model and totaled these. Perforation
patterns differ among species. In most cases a single
opening guides a single axon bundle through the bone,

but in some animals a single opening is made up of mul-
tiple foramina, all housing smaller nerve bundles that
converge from anterior to posterior. Wherever the latter
was the case, all converging foramina were counted
(Fig. 4A).

The body size proxy used for this study was skull
length as described by the distance between the anterior
extent of the orbit to the posterior extent of the occipital
condyle (OOL). We chose skull length over body mass
because our sample included pinnipeds whose body
mass is exaggerated due to their large stores of fat.
Additionally, our skull length metric (OOL), which
includes only the cranium, avoids the confounding effect
of highly variable snout lengths among our sample spe-
cies, particularly an issue among felids and canids (Van
Valkenburgh, 1990). Basicranial length is often used for
this same purpose. We chose to not use this metric, as it
relies on sutures as its boundaries, and sutures are
often fully fused and thereby difficult to delineate in
adult mustelids. Skull length (OOL) was measured on 3-
D digital models of full skulls. Where full skull scans



Measuring NF

Measuring FXSA

Fig. 4. Measuring foramina on a digital model of an American mink
(Neovison vison) cribriform plate made in Mimics 15.0. Left side: Num-
bered points are assigned to all openings to quantify total number of
foramina (NF). (Inset A) If multiple foramina converge onto a single
opening, all foramina are counted. Right side: Coordinate points in a
voxel matrix (splines) are drawn along the perimeter of all openings to

did not exist for specimens, OOL was measured directly
from the skulls with mechanical calipers. To test consis-
tency, we applied both methods to two different speci-
mens and found no significant difference.

Finally, estimates of olfactory turbinal surface area
(OTSA) used in this study are taken directly from pub-
lished data (Green et al., 2011; Van Valkenburgh et al.,
this volume). In these articles as well as ours, olfactory
turbinals are defined to include the nasoturbinal bones
as well as all ethmoturbinals and frontoturbinals located
outside the respiratory pathway.

Statistical Analysis

Species means were derived for FXSA, NF, CPSA and
olfactory turbinal surface area (OTSA) as well as the
body size proxy, OOL. With the exception of the number
of foramina (NF), all species means were log trans-
formed to normalize the data. To view the scaling rela-
tionships between the CP features and body size, each
CP measure was plotted against OOL. Linear regres-
sions between each of the olfactory variables were per-
formed to determine whether the CP and turbinal data
reinforce each other. In all cases, generalized least
squares (GLS) regressions were performed in R (R Code
Team, 2012).

To account for phylogenetic relatedness and covari-
ance among taxa, we constructed a time-calibrated phy-
logeny specific to this study. For this, we trimmed taxa
from a recently constructed Carnivora phylogeny (Slater
and Friscia, unpublished), an extension of the caniform
phylogeny published by Slater et al. (2012). We then
performed phylogenetic generalized least squares
(PGLS) analyses (R Caper package) to reexamine rela-
tionships between all variables. If CP morphology has
evolved under the significant influence of phylogeny, we
expect that Pagel’s lambda will not be significantly dif-

measure foramina cross-sectional area (FXSA). (Inset B) if a single
foramen is made up of several feed-ins, it alone is measured. Scale
bar for Inserts A and B: 20 um. (C) Splines are imported into imaging
program Rhinoceros 4.0 where nonplanar surface areas are calculated
and tallied.

ferent from one. As all of the variables are shown to be
under strong phylogenetic influence, slope and correla-
tion r? values reported in the text are derived from
regressions in which phylogeny is accounted for (PGLS).
For visualization purposes, however, GLS plots are
shown in Figs. 7-9.

RESULTS
Qualitative Observations

Using high-resolution CT scans and imaging software
we transformed the CPs of 76 carnivorans into discrete
digital 3-D models within virtual skull matrices. Visible
from every vantage point and measurable with new digi-
tal applications, these 3-D reconstructions give us an
accurate picture of the gross and fine comparative anat-
omy of the CP. Close examination of the 3-D models
allowed us to define general features of CP morphology
in Carnivora. In all specimens observed, the CP can be
described as a perforated concavity in the ethmoid bone
at the posterior most extent of the nasal cavity. Struts of
imperforate bone reinforce the perforated surface from
lateral to medial. On the rostral aspect, the plate is
bisected along the midline by the perpendicular ethmoid
bone of the nasal septum, on the caudal side by the
crista galli. On either side of the crista galli is a dis-
tinctly linear series of large foramina (Fig. 5). Generally,
one or two pairs of these medial most foramina open
into deeper tunnels of bone that project into the nasal
chamber. Multiple foramina converge from anterior to
posterior into these paired tunnels. The location of these
tunnel-like foramina within the dorsal half of the CP is
intriguing because it matches early illustrations and
descriptions of the specific point at which axon bundles
streaming from the vomeronasal organ cross from the
nasal septum to the cranium (McCotter, 1912).



Fig. 5. Foramina distribution patterns shown in an aardwolf (Proteles
cristata) cribriform plate. The crista galli (CG) divides the CP bilaterally.
Two rows of foramina line either side of midline in all carnivoran CP
(green arrowhead). Cribriform plates are often perforated along the
dorsomedial midline by a pair of deep tunneling foramina (asterix).
These openings extend rostrally in osseous canals that straddle the
perpendicular ethmoid plate of the nasal septum. All feliform CP share
a sigmoidal pattern of foramina (red arrows).

Determining with certainty whether any of the CP
foramina are dedicated exclusively to vomeronasal
nerves will require concurrent dissection and modeling
of CP from fresh heads in a future study.

Several general patterns of variation in CP morphol-
ogy stood out in our initial qualitative observations of
the 3-D models. In contrast to its enduring description
as a plate, CP shape appears in fact to be highly vari-
able in all dimensions. Within the constraints of bilat-
eral symmetry, the shape defined by the caudal surface
area of the CP is irregular and ranges from deep (ante-
rior to posterior) and roughly spherical in the polar bear
(Ursus maritimus) to shallow and kidney-shaped in the
elephant seal (Mirounga angustirostris), showing just
two examples (Fig. 6A-C). The crista galli, a ridge mark-
ing the division between the two lobes of the olfactory
bulb (OB), is morphologically diverse as well. Wide
enough to fully separate the OB lobes in the elephant
seal (Fig. 6B), the crista galli is nearly absent in some
carnivorans, such as the slender mongoose (Galerella
sanguinea). Perhaps the most variable aspect of CP mor-
phology is the pattern of its perforations, that is, the
size, number and distribution of its foramina. Qualita-
tive observations suggest that CP in closely related spe-
cies tend to have similar patterns of foramina
distribution. Canid CP, for example, appear to have a
characteristically dense distribution of foramina, many
of which are relatively small, while feliform plates share
a lower density pattern of larger holes distributed in a
sigmoidal pattern along its lateral aspect (Fig. 5). In
exceptional cases, closely related species have markedly
different CP shape and foramina distribution. For exam-

ple, the contrast between the wolverine’s (Gulo gulo)
deeply cupped, highly perforated CP and the flattened,
sparsely perforated plate of the sea otter (Enhydra lut-
ris) likely reflect differences in olfactory capacity and/or
skull shape constraints.

Scaling CP Metrics With Body Size

Inferring olfactory function from our three CP metrics
is beyond the scope of this article, but as a first step in
this direction, we examine the scaling relationships
between each of the variables and body size. The total
area of the CP foramina (FXSA) scales to our body size
proxy, orbit to occipital condyle length (OOL), with nega-
tive allometry (r?=0.67, slope = 1.70). The slope is sig-
nificantly less than expected under geometric similarity
and indicates that larger animals have relatively smaller
CP for their size (Fig. 7A). Surface area (CPSA) appears
to scale to OOL (r*=0.77) with slightly less negative
allometry and a slope of 1.80 (Fig. 7B). Much of the
noise, or scatter in these two plots can be attributed to
the low CPSA and FXSA values for the phocid pinnipeds,
the elephant seal (MAN, M. angustirostris), tropical
monk seal, (MTR, Monachus tropicalis) and leopard
seal, (HLE, Hydrurga leptononyx), and very high FXSA
values for the grizzly bear (UAR, Ursus arctos), polar
bear (UMA, Ursus maritimus), black bear (UAM, Ursus
americanus) and red fox (VVU, Vulpes vulpes; Fig.
7A,B). Scatter is more pronounced for FXSA than CPSA,
particularly evident in the spread between the largest
caniforms, the pinnipeds and ursids (Fig. 7A). In both
FXSA and CPSA plots, the caniforms tend to ride above
the regression line with the exception of the aquatic and
semi-aquatic species. In contrast, the feliforms tend to
fall below the regression line with the exception of the
three carnivorous hyaenids (CCR, HHY, PBR) and the
mountain lion (PCO, Puma concolor). Finally, among our
three metrics, total number of CP foramina (NF) stands
out for its weak relationship to skull length (r*=0.15,
P =0.007). Disregarding the scant correlation to skull
length, we can see that absolute NF values separate
caniforms into aquatic and nonaquatic in concordance
with the other two parameters, but that in contrast to
FXSA and CPSA, NF values rank all feliforms together
as sharing CP morphology with relatively few perfora-
tions (Fig. 7C).

Relationships Among the CP Metrics

Each of the three CP variables was viewed in relation-
ship to one another.

What first stands out among these comparisons is the
strong positive correlation between CPSA and the
totaled area of its foramina (FXSA), with 90% of the var-
iation in FXSA explained by CPSA (Fig. 8A). CP surface
area predicts the total area of its foramina. Interestingly,
some of the same species deviate from the expected as
those that do when FXSA is regressed against skull
length, two ursids (UAM, UMA) and two phocid pinni-
peds (MAN, MTR). Plotting the total number of CP
foramina (NF) against CPSA (Fig. 8C) shows a far
weaker, yet significant, relationship (r®=0.30 P <0.001).
A slightly stronger correlation exists between NF and
FXSA, with approximately 35% of the variation in NF



Fig. 6. Examples of CP shape variability. Top row: polar bear (Ursus
maritimus); bottom row: elephant seal (Mirounga angustirostris). (Left col-
umn A) Cribriform plate (dark blue) viewed within the skull. (Middle col-
umn B) Caudal view of CP showing the concave housing for the olfactory
bulb. Dark blue: rostral aspect of plate with attached turbinal fragments;
light blue: caudal CP surface. Polar bear CP (top) is 23.22 mm at its wid-
est from crista galli to lateral extent. Elephant seal (bottom) CP is

explained by FXSA (Fig. 8B). In both NF plots, all feli-
forms, including the hyaenids, tend to group with the
aquatic caniforms as having reduced NF relative to the
terrestrial caniforms (Fig. 8A,B).

Olfactory Turbinals

Finally, we investigated the relationship between the
CP and an established osteological correlate of olfactory
capacity, the ethmoturbinal surface area (Van Valken-
burgh et al., 2004, 2011; Green et al., 2012). Develop-
mentally related as two components of one ethmoid bone
(De Beer, 1937; Rowe et al., 2005), the CP and the eth-
moturbinals are functionally connected as well. Scrolls
of turbinal bones on the anterior surface of the CP are
covered in part by olfactory epithelium, a carpet of olfac-
tory sensory neurons that send fascicles of axons
through the CP foramina to the brain. For our PGLS
regressions we use published data on the total surface
area of fronto-ethmoturbinals and nasoturbinals in car-
nivorans (OTSA; Van Valkenburgh et al., 2004, 2011;
Green et al., 2012). Among our regressions we find a
tight correlation between total foramina area (FXSA)
and OTSA (r? = 0.87, Fig. 9A). Ursids stand out as hav-
ing higher FXSA than might be expected from the turbi-
nal data. A very similar tight relationship exists
between CP surface area (CPSA) and OTSA (r?=0.88,
Fig. 9B). Here, the California sea lion (ZCA, Zalophus
californianus) is anomalous with an unexpectedly large
CP surface area in relationship to OTSA. We can con-
clude that both FXSA and CPSA can be estimated from

Rostral e Caudal

5.56 mm at its widest from crista galli to lateral extent. (Right column C)
Sagittally sectioned CP as viewed from the midline (CG: crista galli). The
polar bear CP cavity is deep (24.66 mm rostral-caudal) and roughly semi-
spherical; the elephant seal CP is shallow (7.72 mm rostral-caudal) and
roughly kidney shaped. Irregularity in CP shape suggests that CP surface
is more accurately captured by digital methods than previous linear
measurements. Scale bars: (A) 20 mm; (B, C) 5 mm.

olfactory turbinal surface area in these carnivorans. CP
surface area and FXSA scale to OTSA with strong nega-
tive allometry (Table 2). This relationship might be
expected, as FXSA and CPSA more directly represent
the presence of olfactory tissue than OTSA (turbinals
are only partially covered in olfactory epithelium), and
because sensory tissue is known to scale with extreme
negative allometry across large body size ranges (Jeri-
son, 1973; Menco, 1980; Nummela, 1995). Of the three
CP variables, number of foramina (NF) has the weakest
relationship to turbinal surface area, with only 36% of
the variation in NF explained by turbinal surface area
(Fig. 9C). This mirrors the previous pattern in which NF
is decoupled from other CP metrics (Fig. 8B,C).

DISCUSSION
Qualitative Observations

Often the stepchild of olfactory anatomy, the CP is
rarely described in the literature (Allen, 1882; McCotter,
1912; Radinsky, 1969; Kuhn, 1971; Wall, 1980; Rowe
et al., 2005; Zeller, 1988; Smith and Rossie, 2006). Even
rarer are comparative studies of specific features of CP
morphology over a large number of taxa (Bhatnagar and
Kallen, 1974; Pihlstrom et al., 2005). Results from the
present study have created the basis for consistent, close
examination of CP morphology across many species of liv-
ing as well as extinct mammals. Our study confirms that
variation in CP morphology is pronounced and that this
variation is measurable using a nondestructive, digital
approach. Novel methods established in our study
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Fig. 7. Generalized least squares regression plots of cribriform plate
(CP) parameters against estimated body size. Skull length (orbit to occi-
pital condyle length: OOL) is used as a proxy for body size. All parame-
ters in (A)-(C) are logo-transformed with the exception of number of
foramina (NF). Red circles are caniforms; blue circles feliforms. See
Table 1 for species codes and Table 2 for summary statistics.

enabled both full visualization of CP gross anatomy and
the quantification of its finer-scaled features. This work
was performed on 42 carnivoran species of known ecolo-
gies and body size as a first step toward establishing CP
metrics as proxies for olfactory function.

Our general observations of CP gross anatomy contra-
dict earlier assumptions about CP shape. Beyond shared
bilateral symmetry and concave caudal surface, CP
shape does not appear to be generalizable. This has a
bearing on which methods most accurately measure CP
size, specifically CP surface area. Previous estimates of
CP surface area, calculated from linear measurements
alone, relied on an assumption that the CP could be
summarized as an oblate ellipsoid (Pihlstrom et al.,
2005). Our CPSA values were consistently higher than
Pihlstrom et al.’s among the 17 species found in both our
studies, with increases ranging from a factor of 0.25-
1.57. One might expect this, as measurements taken
from digital reconstructions account for the specific
shape profile of each CP, while linear estimates are
derived from equations that fit a single gross shape.
While we do not attempt to quantify shape differences in
this article, it is evident from initial examination of 77
CP models made from CT scans that CP morphology is
irregular in all dimensions and as such is most accu-
rately quantified using a digital approach.

The CP belies its given name. It is far from flattened
or plate shaped. Instead it has dimensionality. In some
species, as in the ursids, the CP is a pronounced concav-
ity while in others it is a shallower trough. But in all
cases it is a kind of cup surrounding the olfactory bulbs.
If anything, the CP might be better named “cribriform
cup” or “cribriform calyx.”

Establishing Digital Methods

With the aid of CT scans and imaging software, we
designed digital methods that made possible for the first
time nondestructive quantification of two features of CP
morphology, the number of CP foramina (NF) and their
cumulative cross-sectional area (FXSA). One previous
study successfully counted CP foramina in 40 bat spe-
cies, but because of the limitations of direct measure-
ment, the cryptically located CP had to first be removed,
thereby compromising the future research potential of
the skulls (Bhatnagar and Kallen, 1974). Likewise, an
earlier effort to quantify the area of CP foramina was
restricted to an analysis of photographs taken from sec-
tioned skulls (Kalmey et al., 1998). In contrast to both of
these methods, we used as our reference digital 3-D
models of CPs rendered directly from the voxel matrices
of CT scans. In this way, CP foramina were measured
from coordinate points we placed along the perimeter of
each opening within the model, a method that can be
performed on a large number of animals with no damage
to the original specimens. The nondestructive methods
developed in this study for visualizing and quantifying
all dimensions of CP foramina are a necessary advance
if we are to conduct comparative studies on CP morphol-
ogy from museum specimens, rare species and fossils.

Relationship Among Three CP Metrics

If we expect variation in CP morphology to reflect
aspects of olfactory capacity, as is asserted in the
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literature (Negus, 1958; Bhatnagar and Kallen, 1974;
Kalmey et al., 1998; Pihlstrom et al., 2005), we might in
turn expect the three variables measured in this study,
CPSA, FXSA and NF, to be strongly correlated and to
predict one another. In fact, the relationships between
the three metrics are not equally strong. While the met-
rics all reinforce each other, the only truly predictive
relationship is between CP surface area and foramina
cross-sectional area with 90% of the variation in FXSA
explained by surface area. The relationship between NF
and the other two variables is significant but far weaker.
The strong correlation between CPSA and FXSA is nota-
ble for several reasons. First, as a collective endocast of
the nerve fibers coursing through the CP, FXSA might
be considered to be a more direct representation of
peripheral olfactory innervation and function, and as
such a more informative metric than either CP surface
area or olfactory turbinal surface area. Supporting this
is the fact that material contained in CP foramina is
made up almost exclusively of nervous tissue, specifi-
cally olfactory axon fascicles, ensheathing cells, cerebro-
spinal fluid, and an occasional very small vessel
(Doucette, 1991; Farbman, 1992; Silver et al., 2002;
Kavoi et al., 2010). Relative size of axon bundles cross-
ing the plate corresponds to the area and density of
olfactory sensory neurons (OSN) found on the olfactory
nasal epithelium, and in turn, OSN density is known to
determine olfactory sensitivity (Apfelbach et al., 1991;
Kandel et al., 2000). With its direct relationship to olfac-
tory nerve tissue, FXSA might be viewed as a more rig-
orous metric of olfactory function than plate size.
Whether this is the case remains to be tested in future
functional studies, but it is evident from this study that
the finer-scaled FXSA reinforces the coarser-scaled
CPSA across our entire sample of carnivorans. Second,
this strong relationship between FXSA and CPSA is
important when considering undertaking large-scale
comparative studies of CP morphology. In contrast to the
relatively simple steps of determining CP surface area,
securing an accurate measurement of the cumulative
foramina area is a labor- and time-intensive process that
demands particularly high-resolution scans. Such scans
can be expensive and data-rich as well, making them
somewhat cumbersome to work with. Our results here
suggest that in future studies we can rely largely on
quantifying CPSA and reinforce this with FXSA quanti-
fication in a smaller number of specimens. This is the
approach we are currently using in a study we have
begun on the relationship between CP morphology and
olfactory gene repertoire, in which a number of the sam-
ple species, such as the armadillo (Dasypus novemcinc-
tus) and cow (Bos taurus), have exceptionally intricate
and numerous foramina. Finally, and most importantly,
our results indicate that when we apply our methods to
CP morphology in fossils, CPSA can be substituted for
FXSA wherever plates are damaged or foramina
obscured by matrix.

The weak relationship between NF and the other two
variables confounds any easy assumption that the total
number of CP foramina alone predicts olfactory ability.
The relationship between NF and FXSA makes sense in
light of the general perforation patterns observed in the
CP. Not all foramina are created equal. For example, in
our study, wherever numerous rostral openings con-
verged onto a single caudal foramen, we counted all
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TABLE 2. Summary statistics for phylogenetic least squares regressions between all parameters

2

Lambda lower Lambda upper

Regression Analysis T Slope P value Pagel’s lambda bound =0 bound =0
FXSA vs. OOL PGLS 0.67 1.7 <0.001 0.96 <0.001 0.35
CPSA vs. OOL PGLS 0.77 1.8 <0.001 1.00 <0.001 1.00
NF vs. OOL PGLS 0.15 284 0.007 1.00 <0.001 1.00
FXSA vs. CPSA PGLS 0.90 0.93 <0.001 0.64 0.02 0.003
NF vs. FXSA PGLS 0.35 201 <0.001 1.00 <0.001 1.00
NF vs. CPSA PGLS 0.30 198 <0.001 1.00 <0.001 1.00
FXSA vs. OTSA PGLS 0.87 0.68 <0.001 0.60 0.015 <0.001
CPSA vs. OTSA PGLS 0.88 0.69 <0.001 1.00 0.001 1.00
NF vs. OTSA PGLS 0.36 155 <0.001 1.00 <0.001 1.00

All correlations were significant at the 0.05 level. Pagel’s lambda values are relative measures of phylogenetic influence on
the data, ranging from zero (no influence) to one (strongest influence). Lower and upper bound P values indicate whether
lambda values are significantly different from lower bound zero or upper bound one. Phylogeny has a strong influence on

all parameters.

foramina toward the NF total but we only measured the
caudal-most foramen for the FXSA total, as this foramen
area best describes the space constraint for axons cross-
ing the CP at this particular point. Two equal cross-
sectional areas can be comprised of one or many
foramina.

Using NF as a proxy for olfactory function proves to
be problematic for two additional reasons. In some spe-
cies, especially within the nonaquatic caniforms, there is
a small swath of bone in the CP perforated by unusually
small foramina (on the order of 10-25 um in diameter).
Whether these particularly small foramina serve a func-
tion separate from axon transport, such as drainage of
cerebrospinal fluid (Silver, et al., 2002), remains to be
seen and can only be solved with a much needed histo-
logical examination of the CP. These myriad little perfo-
rations amount to negligible cross-sectional area but
contribute a sizable number to NF total and so partially
account for an inflated NF relative to FXSA in terres-
trial caniforms (Fig. 8B). This problem might be allevi-
ated by not counting foramina under a certain size.
There was a second obstacle to collecting consistent NF
data. Because the smallest foramina can only be visual-
ized in scans of very high resolution, it is possible that
foramina in some specimens were undercounted solely
due to inadequate scan quality. Intraspecific variation
was pronounced in our NF results and may be attribut-
able to this issue. This can only be tested by conducting
a future CP study across a number of individuals of a
single species.

The relationship between total number and total area of
CP foramina is particularly weak within the feliforms. On
the one hand, NF in all four species of hyaenids is similar to
that among fellow feliforms, in which all share a common
pattern of low foramina density. But in their FXSA and
CPSA, the three carnivorous hyaenids rank among the can-
ids and stand apart from other feliforms, even their own
closest relative, the insectivorous aardwolf (Fig. 7A,B). This
suggests that NF is determined by phylogeny, as much or
more than function. High lambda values in all PGLS regres-
sions involving NF suggest this may be the case (Table 2),
but this needs further investigation.

Relationship Between CP and Olfactory
Turbinals

To test assumptions that CP morphology reflects olfac-
tory function (Negus, 1958; Bhatnagar and Kallen, 1974;

11

Pihlstrom et al., 2005) we viewed all three CP metrics in
relationship to an established osteological correlate of
olfactory capacity, olfactory turbinal surface area (Van
Valkenburgh et al., 2004, 2011; Green et al., 2012).
Results show a tight correlation between olfactory turbi-
nal surface area and two of the CP metrics, suggesting
that both CP surface area (CPSA) and foramina cross-
sectional area (FXSA) might be used as additional prox-
ies for olfactory capacity. When conducting comparative
studies of olfactory function among living mammals, it
might be preferable to consider all aspects of nasal skull
morphology, turbinals as well as CP features, but among
extinct mammals this is rarely an option. Fragile turbi-
nals are most often broken or missing in fossils skulls,
leaving the relatively robust CP as the best-preserved
feature of olfactory skull morphology. Our results show a
strong correlation between olfactory turbinal surface
area and CP surface area and foramina, reinforcing the
prospects of studying olfactory function from fossils in
which turbinals are destroyed and only the CP is intact.

Future Work

This study examined scaling relationships for the
three CP metrics to skull length as a way to begin evalu-
ating how CP morphology varies across species. The var-
iation in CP morphology evident in Fig. 6A-C will be
tested against what we know about the olfactory behav-
ior, ecology and genomics of species. Using parameters
established in this study, we will compare CP morphol-
ogy in ecological groupings that reflect a spectrum of
olfactory demands, such as aquatic and terrestrial spe-
cies. Already our results appear to differ sharply from
conclusion drawn by Pihlstrom and colleagues, from
their 2005 study, that the CP surface area of the pin-
niped species in his sample do not markedly deviate
from that of terrestrial mammals. The data from our
article need further analysis to quantitatively test this
conclusion. As a way of comparing olfactory behavior we
will study the CP morphology among predators that use
disparate hunting strategies, one more reliant on scent
(for example, canids) and the other on sight (for example,
felids). Finally, we are beginning to explore the relation-
ship between the olfactory genomics and CP morphology
in mammal species whose olfactory gene repertoires are
known (Olender et al., 2003; Niimura and Nei, 2005,
2007; Kishida et al., 2007; Hayden et al., 2010).



3.0

UMA®

uAm @

UAR®

25

cp
foramina
Cross-
Sectional
Area
(FXSA)
(Log,)

20

15

Log,, Olfactory Turbinal Surface Area

(OTSA)
B UMA®
3 -

ZCA®
cP i
Surface sve s’ WifPe
Area ~ G oA
(CPSA)
(Log,p)

@ MFR

T T T T
35 40 45

Log,, Olfactory Turbinal Surface Area
(OTSA) !

800
L

700
L

eTTA
= VMAG o VLA
N oWy .MM.cLu
Number o | octh
ofcp  ®
foramina
8 © e
(NF) N NI lc‘““ L
SME

300
1

200
I

Log,, Olfactory Turbinal Surface Area
(OTSA)

Fig. 9. Generalized least squares regression plots of cribriform plate
CP) parameters against olfactory turbinal surface area (OTSA). Sur-
ace area variables (FXSA, CPSA) are logio-transformed; number of
oramina (NF) is not. Red circles are caniforms; blue circles feliforms.
3ee Table 1 for species codes and Table 2 for summary statistics.

A sense of smell is critical for most mammals. Olfac-
tory systems have evolved to operate in distinct ecolo-
gies: as lineages, landscapes and chemical stimuli
change over evolutionary time, species have acquired
and lost particular traits of olfactory anatomy. Living
animals offer us tissue with which to study these gath-
ered olfactory adaptations, extinct species only the
imprint of that tissue in the bone. Yet this bone is
informative. The CP is the only feature that explicitly
documents the trail left by olfactory nerves. This trail is
quantifiable and comparable across extant species whose
olfactory behavior and genomics we can witness. If such
functional studies in living mammals establish CP mor-
phology as a proxy for olfactory capacity, we can use
novel digital methods developed in these study to exam-
ine CP features in detail in fossils. In this way, CP mor-
phology might offer us a new osteological insight into
the olfactory ecology of extinct animals.
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Abstract

The evolution of the mammalian olfactory system is reflected in the striking diversity of gene
repertoires, neuroanatomy, and skull morphology across living species. Olfactory receptor gene
(ORG) repertoires range from a mere handful to several thousand genes. Because each ORG is
expressed by a unique population of nasal olfactory sensory neurons (OSN), each newly evolved
ORG likely generates new OSNs. Expanded OSN populations then leave enhanced and
quantifiable impressions in the foramina of the bony cribriform plate (CP), the skull’s only
passageway for OSN axons crossing from snout to brain. Despite this structural and
developmental connection, the relationship between ORG repertoire size and CP morphology is
poorly resolved. We report here a striking linear correlation between relative CP size and number
of functional ORGs across all mammalian superorders. This correlation confirms the strong
developmental links in the olfactory pathway between genes, neurons, and skull morphology.
The molecular and morphological coherence found here establishes CP size as a metric of

olfactory function, applicable to extinct and modern species.

Introduction
Reliance on olfaction for existence varies widely across mammal species. Mammalian
olfactory systems have acquired and lost olfactory traits in response to shifts in chemosensory

demands over evolutionary time, resulting in extensive genomic and anatomical diversity. The
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keen sense of smell shared by most mammals is mediated by the olfactory receptor gene (ORG)
superfamily (Buck and Axel, 1991). Through repeated gene duplication, gene loss, and
pseudogenization, ORG repertoires have diverged (Niimura and Nei, 2007) and the number of
ORGs (functional as well as pseudogenes) now spans approximately two orders of magnitude
across living taxa (Niimura et al., 2014; Hayden et al., 2010).

Inside the mammalian nose, or snout, ORGs are the primary agents of odor detection.
Each functional ORG encodes a specific odorant receptor that is expressed in the membrane of
olfactory sensory neurons (OSN) (Buck and Axel, 1991). Each OSN expresses a single ORG
(Chess et al., 1994), and each ORG is carried by its own unique population of thousands of
OSNs (Mombaerts et al., 1996; Bressel et al., 2015). Multiple ORG-specific populations of
neurons contribute to the olfactory epithelium, which is variable in size across species
(Miyamichi, 2005; Pihlstrom et al., 2005). The olfactory pathway is completed via axonal
projections from all OSN populations that travel from the periphery through the perforate bone
of the cribriform plate (CP), to reach their first relay station in the brain, the olfactory bulb
(Farbman, 1992).

The CP (Figs. 2-1, 2-2) is a part of the ethmoid bone that forms early in development to
surround assembling olfactory nerves (Miller et al., 2010) and is the only passageway to the
brain for OSN axons in adult mammals. Consequently, its foramina, or holes, are a high-fidelity
imprint of the relative innervation within an animal’s snout (Bird et al., 2014) (Supplementary
movie). The CP is a signature trait of the mammal lineage (Rowe, et al., 2011) and is present in
all crown species, with the exception of odontocetes (toothed whales), where it is thought to have
been lost (Oelschldger and Buhl, 1985). Two CP metrics, surface area and the cumulative cross-

sectional area of foramina, are highly correlated and covary widely across species (Fig. 2-1),
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likely reflecting the relative importance of olfaction (Bird et al., 2014). Previous studies have
established a correlation between CP size and other olfactory structures, such as the surface areas
of both the turbinal bones and the olfactory epithelium that covers the turbinals (Bird et al., 2014;
Pihlstrom et al., 2005; Bhatnagar and Kallen, 1974).

The expression of individual ORGs by distinct populations of OSNs and the development
of the CP bone to surround OSN axon bundles, suggest that evolutionary gains or losses in
functional ORG repertoires will be manifest in skull morphology as an expansion or reduction of
relative CP size. However, the relationship between CP morphology and ORG repertoire size is
poorly resolved. The first and only paper to explore this relationship found a significant but
weak positive correlation between absolute CP surface area and total number of ORGs that
disappeared when CP size was adjusted for body size (Garrett and Steiper, 2014). One limitation
of this pioneering study was its sole reliance on linear measurements to estimate the surface area
of the irregularly shaped CP. Here we revisit the link between CP skull morphology and the
number of olfactory receptor genes, both functional and pseudogenized (Niimura and Nei, 2007;
Niimura et al., 2014; Hayden et al., 2010; Matsui et al., 2010; Montague et al., 2014; Hughes et
al., 2013). We use high-resolution CT scans of skulls and 3D imaging software to carefully map
only the perforate surface of the CP (Fig. 2-3) in 27 genome species with identified ORG
repertoires (Supplementary Fig. 2-1, Supplementary Table 2-S1). Residuals from the regression
of estimated CP surface area on body mass are used to define relative CP size, thereby correcting
for effects of body size. These methods allow us to better test the hypothesis that the
developmental relationship between olfactory receptor genes and olfactory sensory neurons is
witnessed in skull morphology. Specifically, CP size is expected to covary with number of

functional OR genes. Additionally, because a number of studies have used the percentage of OR
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pseudogenes within species’ genomes to infer relative olfactory function (Rouquier et al., 2000;
Gilad et al., 2007; Kishida et al., 2007), we examined the relationship between pseudogenes
(fraction as well as the absolute number) and CP size. Finally, we apply our new osteological
metric of relative CP size to a fossil skull to produce an estimate of ORG repertoire for the
extinct mammal species, sabertooth cat (Smilodon fatalis) and to infer Smilodon’s reliance on

olfaction compared with extant felids.

Materials and Methods

Specimen collection  We sampled skulls from 27 living species with annotated genomes and
OR subgenomes, plus one extinct species (sabertooth cat, Smilodon fatalis) without molecular
data (Supplementary Fig. 2-S1). Species ranged in body mass from < 0.1 kg (little brown bat,
Myotis lucifugus) to >2900 kg (African elephant, Loxodonta africana) and covered 14
mammalian orders and all four superorders (Meredith et al., 2011; Foley et al, 2016). Body mass
data were taken from the primary literature for the living species (Supplementary Table 2-S1).
Availability permitting, we selected two (preferably one male and one female) wild-caught, adult
specimens for each species from museum collections (Supplementary Table 2-S4). We recognize
that the per-species sample size is low, but limited availability, high scan costs, and labor-

intensive data collection prohibited a deeper sampling.

Morphological data  With the exception of the elephant, all skulls were scanned on high-
resolution industrial CT scanners (Phoenix’s vltome[x s' ", nanotom s and m' ™, and NSI'™).
Field of view was confined to the area surrounding the CP for maximal resolution and, with the

exception of three specimens, voxel size ranged from .008 - 0.045 mm. Because of its size, the
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elephant skull could only be accommodated by a Definition AS64™ medical scanner (Siemens
Healthineers, Forchheim, Germany) and thus captured at somewhat lower resolution (voxel = .5
mm). All CT scans were imported into the visualization software package Mimics (v. 15.0-18.0,
Materialise, Leuven, Belgium), segmented into 2D masks, then rendered as 3D models. Each CP
was individually segmented and reconstructed as a 3D model. CP surface area was defined to
include only the portion of the CP perforated by foramina that carry peripheral olfactory nerves
(Fig. 2-3). CP surface area was quantified from 3D models after applying a wrapping function in
imaging program 3-matic (v. 7.0.1, Materialise) that digitally fills the openings and generates a
continuous surface. For further details, see Methods (Bird et al., 2014). Although we determined
that the bottlenose dolphin (Tursiops truncata) ethmoid bone has branched foramina that connect
the nasal passage to the brain (Supplementary Fig. 2-S7), we cannot establish the presence of
olfactory sensory neurons (OSN) or vestigial CP until we can test the tissue in the foramina for

olfactory marker protein (OMP), and so omit the dolphin from our quantitative analysis.

Genomic data  Olfactory receptor (OR) gene data were retrieved from published studies
(Niimura and Nei, 2007; Niimura et al., 2014; Hayden et al., 2010; Matsui et al., 2010;
Montague et al., 2014; Hughes et al., 2013) (Supplementary Table 2-S1). Wherever possible,
high-coverage genome sequences were used; however, in order to assemble a sufficient sample,
OR gene data from some low-coverage assemblies were included in our study, including eight
species with <6x draft genomes. OR genes are identified from whole genome sequences
(Niimiura, 2012) and categorized as functional genes and pseudogenes, the latter of which are
assumed to be non-functional (Nei et al., 2008). Genomic metrics for this study include: 1) total

number of OR genes, 2) number of functional OR genes, 3) number of OR pseudogenes, and 4)
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percentage of OR pseudogenes. For details on how functional and pseudogenes were defined in

the source studies used for our OR data, see Supplementary Information.

Statistical analysis  Species means were derived for each morphological and genomic metric.
Values were log-transformed in the analysis of linear relationships because the data covered
several orders of magnitude. Genomic data do not correlate with body size (Supplementary 2-S
8) and are therefore presented here without scaling to body mass. To determine CP size relative
to body size, CP surface area was regressed against body mass values taken from the literature
(Supplementary Table 2-S1) using generalized least squares regression. The resulting residuals
(Fig. 2-4) were used as relative CP size values in all subsequent analyses. When investigating the
relationship between relative CP size and OR gene variables, we used reduced major axis (RMA)
regressions in order to enable us to invert predictor and response variables and establish mutual
prediction lines. Correlation coefficients and confidence intervals were derived from
bootstrapped resampling of the data. To estimate a probable OR gene repertoire for the
sabertooth cat (Smilodon), we applied Smilodon relative CP size as new data to the regression
equation derived from the relationship of number of functional OR gene to relative CP size in
our larger sample. An estimated ORG range for Smilodon was calculated within the 95%
confidence intervals around the regression line, which were derived by bootstrap resampling of
the data. Finally, to account for phylogenetic relatedness and covariance in all relationships
between variables, we performed phylogenetic least squares (PGLS) analysis (R Caper package)
(Orme et al., 2013) with a time-calibrated mammal phylogeny (Fritz et al., 2009). Summary

statistics for PGLS are given in Supplementary Table 2-S2 but non-PGLS plots are shown for
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purposes of visualization (Figs. 4-7). All analyses were conducted in R v. 3.3.1 (R Development

Core Team, 2016).

Results

Cribriform plate size as function of OR gene repertoire  Because CP area is closely coupled
to body mass (Fig. 2-4, r* = 0.82, P < 0.001), the relationship between CP and ORGs only comes
into focus when relative CP surface areas, defined as the residuals from the regression of CP area
on body mass, are considered. We found a strong positive linear correlation between relative CP
size (RelCP) and the number of functional ORGs across our sample (Fig. 2-5, r* = 0.76, P <
0.001) (Supplementary Table 2-S2). After removing phylogenetic dependence with a
phylogenetic generalized least squares (PGLS) regression (Orme et al., 2013; Fritz et al., 2009),
the correlation remained robust (PGLS 1> = 0.75, P < 0.001). A similarly strong linear
correlation exists between relative CP size and the total number of ORG, which includes
functional as well as pseudogenes (r* = 0.68, P < 0.001; PGLS r* = 0.68, P < 0.001)
(Supplementary Fig. 2-S2). Without correcting for body size, absolute CP surface area and
number of functional ORG are only weakly correlated (r* = 0.22, P = 0.015) (Supplementary Fig.
2-S3), and this correlation disappears if data for the greatest absolute CP, belonging to the largest
species, the elephant (Loxodonta africana), is removed (Supplementary Table 2-S2).

Unlike the strong linear relationship between RelCP and number of functional OR genes,
the association between RelCP and OR pseudogenes is complex. First, the relationship between
relative CP size and absolute number of pseudogenes appears to have two distinct trends (Fig. 2-
6). Among species with the fewest pseudogenes, there is no relationship between RelCP

and number of pseudogenes. However, above ~500 OR pseudogenes, RelCP appears linearly
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related to the number of pseudogenes. To further investigate this dichotomous pattern, we
partitioned the sample data at an inflection point using the data-partitioning R (R Development
Core Team, 2016) package “rpart” (Therneau et al., 2010) and tested each correlation separately.
In species with <498 pseudogenes there is a negligible negative correlation between RelCP and
pseudogenes (r* = 0.23, P = 0.04; n = 19) that disappears with phylogenetic correction (PGLS r*
=0.020, P = 0.49), and in species with > 498 pseudogenes there is a strong positive correlation
(r* = 0.83, P<0.001; PGLS 1* = 0.82, P =0.005; n = 7).

Second, we found no linear correlation between RelCP and the percentage of
pseudogenes (r* = 0.12, P = 0.09). Further examination of the data using a maximal information-
based nonparametric exploration (MINE) statistic (Reshef et al., 2011) in R-package “minerva”
(Albanese et al., 2013), suggests a significant nonlinear correlation [Maximal Information
Coefficient (MIC) = 0.67, P = 0.002]. The pattern is somewhat V-shaped, as species with the
largest (elephant) and smallest (platypus, among others) RelCPs have similarly high proportions

of pseudogenes (Supplementary Fig. 2-S4).

Morphological and genomic diversity ~ Our sample of species includes outstanding examples
of olfactory disparity. The African elephant (Loxodonta africana) possesses the largest CP ever
recorded, a deep concavity with ~1,000 nerve passageways (Fig. 2-2). This is consistent with
reports that elephants have undergone extreme expansion of their OR gene repertoire’.
Surprisingly, the nine-banded armadillo (Dasypus novemcinctus) has the second largest RelCP,
far outranking even the domestic dog (Canis familiaris) (Figs. 2-1a,b; 2-5, Supplementary Table
2-S1). All large apes share coupled reductions in ORG and CP morphology. The smallest

RelCP in our sample belongs to the Philippine tarsier (7arsius syrichta), a species with a

22



concordantly small repertoire of functional ORG (~90 compared to the ~781 estimated for the
MRCA of placental mammals) (Hayden et al., 2010; Niimura et al., 2014). The notable outlier,
the bottlenose dolphin (Tursiops truncatus), has only ~12 functional ORG (Hayden et al., 2010)
and has likewise lost all obvious CP landmarks. Closer inspection of digital skull models,
however, revealed a pair of foramina in the ethmoid bone that connect nasal passages to cranium

but whose function is not certain (Supplementary Fig. 2-S7).

Predicting olfactory function in extinct mammal  The linear correlation between functional
ORG number and relative CP size apparent in our sample of living species was used to estimate
a likely repertoire of functional ORGs for an extinct mammal species, For this we chose the
Pleistocene sabertooth cat (Smilodon fatalis) from the Rancho La Brea tar seeps, for which a CT
scan was available (Stock and Harris, 1992). With the aid of a high-resolution CT scan and 3D
imaging software, we distinguished CP bone from its surrounding asphaltum matrix and
quantified a fossil CP surface area for the first time. Relative CP size (RelCP) was estimated as
the residual from the regression of CP surface area against body mass among all sample species
(Supplementary Fig. 2-S5). Based on RelCP, Smilodon is predicted to have had ~ 598 (521, 685;
95% confidence interval) functional ORGs (Fig. 2-7), a number similar to that identified for the
only other felid in our sample, the domestic cat (Felis catus) (Montague et al., 2014). When
viewed in the context of existing morphological data from ten living felids (Bird et al., 2014), CP
surface area of Smilodon falls well within the range of variation found among these cats, but also
has a relatively smaller RelCP size than all species but the cheetah (4cinonyx jubatus) and the

fishing cat (Prionailurus viverrinus) (Supplementary Fig. 2-S6, Supplementary Table 2-S3)
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Discussion

Our study places the cribriform plate (CP) at an intersection of olfactory genomics,
development, and evolution. The strong linear correlation between number of functional ORGs
and relative CP size (Fig. 2-5) supports the hypothesis that skull morphology and ORGs are
linked via the olfactory sensory neurons (OSNs), whose axon fascicles are recorded in the CP
bone. Previous studies have established that each individual ORG is expressed by thousands of
olfactory sensory neurons (OSNs), which together contribute to size of the olfactory epithelium
(Mombaerts et al., 1996; Bressel et al., 2015). Additional research has shown that olfactory
epithelium and cribriform plate (CP) surface areas are correlated (Pihlstrom et al., 2005).
Results from our study bridge these findings by establishing a direct, linear biological
relationship between the size of the OR subgenomes and the relative size of the CP (RelCP).

Our results contradict previous research that found no correlation between ORG and CP
surface area adjusted to body mass (Garrett and Steiper, 2014), although the authors did find a
weak correlation between ORG repertoire size and absolute CP surface area. In large part, the
differences here can be explained by our contrasting approaches to the confounding factor of
body size. CP size increases with body size, making comparisons across a diversity of species
and body weights difficult. For example, the absolute CP surface area is far smaller in the rat
than the gorilla, yet the former has an ORG repertoire that greatly exceeds that of the latter
(Hayden et al., 2010; Niimura et al., 2014). This suggests that a correlation between CP size and
ORG number needs to be viewed relative to body size. Residuals from the regression of CP area
on body mass better resolve the relationship between morphology and genomic data (Figs. 2-4,
2-5). Our ability to recover this relationship also benefited from the application of precise digital

methods to estimate CP surface area from high-resolution CT scans.
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Nevertheless, there is some scatter in the plot of RelCP size against ORG repertoire (Fig.
2-5, Supplementary Fig. 2-S2) that deserves attention. An important factor contributing to the
scatter is likely the inclusion of a number of low-coverage draft genomes in our sample
(Supplementary Fig. 2-S9). Identification of ORGs is less reliable in low-coverage genomes
owing to inherent sequencing gaps as well as over-collapse in regions with segmental
duplications (Lindblad-Toh et al., 2005; Hayden et al., 2010). Because intact functional ORGs
are more likely to be misidentified as truncated and generally undercounted (Hayden et al.,
2010), we expect their number to increase in the low-coverage species as genome assemblies are
improved. We note here four cases (elephant, rabbit, dog and cat) in which we can compare the
number of functional ORGs when based on low coverage (1.5-2x) to the same species when it
has high coverage (> 6x) (Hayden et al., 2010, Niimura et al., 2014; Montague et al., 2014). In
each case, the genomes rendered an average of 41.5% more functional ORGs with the higher
coverage genomes than from the initial (1.5-2x) draft genomes. This measure of increase,
applied to the 12 low-coverage species in our sample, strengthens the correlation between
number of functional ORGs and RelCP (r* = 0.84, PGLS r* = 0.81, P < 0.001, Supplementary
Fig. 2-S10 compared with r* = 0.76, Fig. 2-5, Supplementary Fig. 2-S9). Similarly, when we
omit the twelve low-coverage species, the correlation between OR genes and CP tightens further
(r* = 0.89, PGLS r* = 0.82, P < 0.001; Supplementary Fig. 2-S11).

An OR pseudogene is defined as having disruptive mutations (e.g. indels) and/or
premature stop codons present within the ORG-specific conserved region and so are not
expected to produce a functioning receptor (Niimura and Nei, 2007). For this reason it was
surprising to find a distinct association between CP morphology and the absolute number of OR

pseudogenes. Unlike the above strong linear correlation between CP size and functional ORGs,
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this association is complex, with what appear to be two separate trends (Fig. 2-6). First, a very
weak association spans a wide range of RelCP sizes in species with fewer than 498 pseudogenes
which disappears when accounting for phylogeny (Supplementary Table 2-S2). Second, for
species with greater than 498 pseudogenes the RelCP significantly increases with the number of
pseudogenes. This trend appears to be exponential, due to the strong influence of the armadillo
and elephant. This distinct pattern raises the question why most species with high numbers of
pseudogenes in their ORG repertoires have the largest RelCPs? Or, asked a different way, when
the axes are inverted (Supplementary Fig. 2-S12), why do species with the largest RelCPs have
high concentrations of pseudogenes? Here we consider alternative evolutionary scenarios for this
pattern. First, lineages leading to large-CP species may have undergone fairly recent ORG
expansions generated by repeated gene duplication events. Although a fraction of new ORGs
may have been conserved under adaptive pressure (e.g., to enhance detection of specific
odorants), one would predict that many duplicates would degenerate by random mutations, due
to relaxed selective pressure (Nei et al., 2008), and may have persisted in the genomes for short
periods of time before degenerating to sequences no longer recognized as ORGs. (Schrider et al.,
2009). This is consistent with the observation that species with relatively high numbers of OR
pseudogenes also have some of the largest repertoires of functional ORG (Supplementary Fig. 2-
S13). Alternatively, the pattern of high pseudogene concentration in large-CP species may
signal a constraint in either CP size or ORG repertoire size and a concomitant increase in
pseudogenization of ORGs generated by gene duplication. A large ORG repertoire is costly, as
each gene prompts the proliferation of ever-regenerating OSNs (Ma et al., 2014). Similarly, a
large CP carries a structural risk, in that densely perforated bone is thinner and more easily

fractured than surrounding cranial bone (Pease et al., 2014). Notably, the two largest CPs occur

26



in skulls with features that, while otherwise adaptive, may offer secondary reinforcement to the
fragile CP, for example dermal armor in the armadillo (Chen et al., 2011) and a thick periphery
(up to 250mm) of highly pneumatized bone surrounding the brain in the elephant (Shoshani et
al., 2006) (Supplementary Fig. 2-S14). Finally, we consider the possibility that OR pseudogenes,
traditionally assumed to be functionally inert and neutral (Gilad et al., 2007; Nei et al., 2008),
may be biologically active long non-coding RNAs (IncRNAs), and are therefore conserved in
species with expanded olfactory systems. As demonstrated for the tumor-suppressor PTEN gene,
non-coding pseudogene transcripts can act as decoys for microRNAs (miRNA) that target the
parent gene, thereby mitigating the effects of translational repression mediated by the miRNAs
(Poliseno et al., 2010). A potential role for OR-derived IncRNA transcripts as miRNA sponges
might be investigated, particularly in light of recent findings that coding ORG transcripts in mice
have lost many miRNA binding sites, effectively reducing the modulatory impact of miRNAs on
expression levels (Shum et al, 2015).

Numerous researchers have sought to link olfactory loss with the fraction of pseudogenes
in ORG repertoires (Hayden et al., 2010; Rouquier et al., 2000, Gilad et al., 2007; Kishida et al.,
2007). However, our study found no significant linear correlation between the percent
pseudogenes and the RelCP (Supplementary Fig. 2-S4). These results substantiate the argument
that the percentage of pseudogenes is a poor predictor of olfactory function (Niimura et al., 2014;
Matsui et al., 2010).

The strong link documented here across a wide dynamic range of ORG repertoires and
skull morphology invites us to examine the olfactory ecology of individual taxa within this
range. Our sample offers outstanding examples of olfactory expansion and reduction that might

be explained by differences in the dependence on olfaction in life history. For example, the
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African elephant possesses by far the largest RelCP and ORG repertoire (Niimura et al., 2014) of
any mammal studied, suggesting that elephants are heavily reliant on olfaction for their survival.
This is consistent with the elephant’s numerous unparalleled olfactory specializations, among
them, extremely dense ethmoid turbinals (for a visual comparison of elephant and hyrax turbinals
see Supplementary Fig. 2-S15), compact multiple layers of glomeruli in the olfactory bulb
(Ngwenya et al., 2011), and its signature mobile proboscis. Consistent with these anatomical
features, behavioral experiments reveal a striking complexity of odor recognition among
elephants. Specifically, they can recognize up to 30 individuals within their kin group from urine
cues alone (Bates et al., 2008) and can differentiate between two ethnic groups of humans by
sniffing odor cues from worn garments Bates et al., 2007).

Interestingly, we found that nine-banded armadillo (Dasypus novemcinctus) has one of
the largest olfactory systems in our sample (Fig. 2-5). Although it is generally assumed to be
scent-oriented, based on its foraging habit of rooting under leaf litter and its poor vision
(McDonough and Loughry, 2013), the armadillo’s high rank in this data set supports a closer
examination of its chemical ecology, particularly in the context of the closely related,
understudied and ecologically diverse xenarthrans.

Domestic dogs (Canis familiaris) are thought to have a well developed sense of smell and
are reliable drug sniffers and olfactory scouts (Browne, et al., 2006). However they are surpassed
by five other species in RelCP as well as ORG count. Conceivably, the breeds chosen for our
sample may have variably influenced the estimated CP size for the dog. Of the four, only the
dachshund is considered a scent hound, whereas two (borzoi and saluki) are considered sight
hounds and one is brachycephalic, or short-snouted (French bulldog). It has not yet been

established whether selection for keen sightedness or a foreshortened snout imposes any
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constraint on CP morphology or ORG repertoires. A more focused examination of the CP/ORG
relationship among dog breeds is a necessary next step. Additionally, we might consider that
behavioral traits selected for in dogs, such as tameness and trainability (Turcsan et al., 2011),
may play a significant role in dogs’ success as keen odor detectives. Interestingly, the domestic
dog has a smaller CP for its size than does the gray wolf (Canis lupus) (Supplementary Fig. 2-
S16) (Bird et al., 2014), whose ORG repertoire is presently unknown. Based on its larger RelCP,
the wolf is expected to have a larger ORG repertoire than the dog, but confirmation awaits the
analysis of new genomic data (Fan et al., 2016).

Several of our sampled species with exceptionally small CPs and ORG repertoires rely on
well-developed sensory modalities other than olfaction. For example, the tarsier, a nocturnal
primate with pronounced visual specializations, such as enormous eyes and an enlarged primary
visual cortex (Collins et al., 2005), has only a negligible CP (Fig. 2-2, Supplementary Fig. 2-
S17). Similarly, the simplified CP of the semi-aquatic platypus (Fig. 2-2) may in part have been
shaped by preferential reliance on an elaborate sensory system of electroreception during
underwater foraging (Pettigrew, 1999). The most striking example of olfactory loss and sensory
trade-off is the bottlenose dolphin, a fully aquatic odontocete that relies on echolocation instead
of odor cues to locate prey. Studies variously report that CP foramina, present in fetal
odontocetes, fully close in adults or that a few remain open and carry fibers not from OSN but
from the terminal nerve, a cranial nerve thought to play a role in pheromone response
(Oelschager and Buhl, 1985; Ridgeway, 1987). Our digital models of adult dolphin skulls
confirmed that there are indeed openings connecting the nasal passages to the brain in the

ethmoid area (Supplementary Fig. 2-S7). Given that the dolphin has retained a small repertoire
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of ~12 functional OR genes, tests need to be conducted on nasal tissue in order to fully exclude
the vestigial presence of OSNs and other olfactory anatomy in this odontocete.

An important goal of this study was to establish the cribriform plate as an osteological
correlate of olfactory function, a metric applicable to extinct species. Here we used the linear
relationship between RelCP and ORG to predict the likely number of functional ORG in the
extinct sabertooth cat (Smilodon fatalis) from its CP morphology. Smilodon’s CP, and predicted
ORG count, positions the Pleistocene felid close to, but slightly below, the domestic cat in our
olfactory scale (Fig. 2-7). When compared with ten other living felids, Smilodon has, for its body
size, a smaller CP than all but the fishing cat (Prionailurus viverrinus, Supplementary Figure 2-
S6). Smilodon appears to have been less reliant on olfaction than the similarly large, extant felid,
the African lion (Panthera leo). If so, it would be interesting to estimate Smilodon’s relative
reliance on alternative sensory modalities (e.g. hearing, vision) to determine if there is any
evidence of compensatory adaptations.

Conclusion

In summary, the strong relationship we observed between cribriform plate morphology
and OR genes contributes to our understanding of olfactory biology in several ways. First, the
RelCP/ORG correlation illuminates an underlying developmental intersection of genes,
neuroanatomy, and skull morphology along the peripheral olfactory pathway from nose to brain.
Further, these results suggest that the coupling of genes and morphology provides a coherent
molecular-morphological metric, with which we can make strong inferences about the relative
olfactory reliance in individual mammal species. Finally, cribriform plate size is reinforced here

as a stand-alone proxy of olfactory function that can be applied to extinct species, from which
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molecular data can no longer be extracted, thereby allowing us to document the evolution of

olfactory function within mammals over geologic time

Figure 2-1. Size range of the cribriform plate. a, Lateral view of nine-banded armadillo
(Dasypus novemcinctus) skull. Scale bar: 10 mm. b, Lateral view of gorilla (Gorilla gorilla).
Scale bar: 50 mm. ¢, Dorsoposterior view of armadillo. Scale bar: 10 mm. d, Dorsoposterior
view of dog (Canis familiaris, saluki). Scale bar: 15 mm. e, Dorsoposterior view of little brown
bat (Myotis lucifugus). Scale bar: 5 mm. f, Dorsoposterior view of gorilla. Scale bar: 50 mm.
Red: cribriform plate (CP). Green: Ethmoid, frontal, nasal turbinal bones and partial nasal
septum (only viewable without obstruction in lateral view).
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Figure 2-2. Foramina number and distribution in CP. a, CP of the African elephant
(Loxodonta africana) with ~ 1,000 foramina. b, Platypus (Ornithorhynchus anatinus) CP to
scale with elephant’s; right: inset with enlarged view of platypus CP. ¢, Tarsier (Tarsius
syrichta) CP to scale with elephant’s; right: inset with enlarged half of tarsier’s CP, with
foramina outlined in red.
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Figure 2-3. Quantifying the CP surface area. Left: 3D model of French bulldog (Canis
familiaris) CP rendered in Mimics; center, CP foramina are digitally filled to create a continuous
surface from the perforate region; right, Perforated area is isolated and surface area is calculated
from cumulative pixels with imaging software 3-matics. Scale bar: 10 mm.
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Figure 2-4. Relative CP size. Regression of absolute CP surface area (1og10) against body mass
(log10) for 26 species (r* = 0.83, p< 0.001; y = 0.517x + 1.77). Residuals from regression
constitute the relative CP size (RelCP) for each species and are used in subsequent analyses.
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Figure 2-5. Relationship between RelCP and ORG. Reduced major axis regression of RelCP
against the number of functioning ORG (io¢10) (r2 =0.76, P<0.001).
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Figure 2-6. Number of pseudogenes and relative CP size. Dual trends in the relationship
between RelCP and pseudogenes: in species with <498 pseudogenes, the correlation is
nonsignificant when corrected for phylogenetic covariance; in species with >498 pseudogenes,
the correlation is robust (r* = 0.83, P = 0.004, PGLS r* = 0.82, P = 0.005).
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Figure 2-7. Predicting functional ORG repertoire for extinct felid from CP.

To predict an approximate number of ORG from RelCP, axes from the regression in Fig. 2-5 are
inverted and the RelCP value (green vertical line) for the sabertooth cat (Smilodon fatalis) is
applied to the regression equation. This predicts Smilodon to have had ca. 600 (521, 685)
functional ORG. Dotted lines: 95% confidence intervals around regression line. See Materials
and Methods for details.

37



I

200 180 160 140 120 100 80 60 40 20

Dol ph in (Tursiops truncatus)

Cow (Bos taurus)

Horse (Equus caballus) |
Brown bat ( Myotis lucifugus.
FIylng fox (pteropus vampyrus)
Cat (Felis catus)

DOg (Canis domesticus)

Giant panda (A. melanoleuca)
Hedgehog (Erinaceus europaeus)
Shrew (Sorex araneus)

Rat (Rattus norvegicus)

Mouse (Mus musculus)

Rabbit (Oryctolagus cuniculus)
Pika Ochotona princeps)

Tree shrew (Tupaia belangeri) |
Mouse lemur icrocebus murinus
Galago (otolemur garnett))
Tarsier (Tarsius syrichta)
Macaque (Macaca macaca)
Orangutan (Pongo pygmaeus)
Gorilla (Gorita goritia)

Chlmp (Pan troglodytes)
Human (Homo sapiens

Hyrax (Procavia capensis) |
Elephant (Loxodonta africana) |
Armadillo (Dasypus novemcinctus) |

Cetartiodactyla

Perissodactyla

Chiroptera

Carnivora

Eulipotyphla

Rodentia

Lagomorpha

Scandentia

Primates

Hyracoidea
Proboscidea
Cingulata

eliayleiseine]

saJlj3oluoydieny

Afrotheria

] Xenarthra

Opossum (Monodelphis domesticus) | Didelphimorphia :I Marsupialia

Platypus (Ornithorhyncus anatinus) |

Million years before present

:| Monotremata

Figure 2-S1. Time-calibrated phylogeny of sample species. Tree compiled from published
molecular phylogenies (Meredith et al., 2011; Foley et al., 2016 (see Main References).

38



@
Elephant
®
® 05
] Tree shrew Armadillo
Q Shrew Horse
{:% Dog.opossum .Cow
Hedgehog Rabbit
7 ' (@} Cathousc’ QRat
o) Little brown bat. Pika Panda
® 007 Fruit bat@ (@)
Q. Galago'
£ Hyrax@
2
—_
2 latypus@ Human
g -0.5 Chimpanzee
= Gorilla Orangutan
-
o
[0
0'd
-1.0
I T T T T T T I
2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

Total number olfactory receptor genes (log,)

Figure 2-S2. Relationship between RelCP and Total ORGs. There is a strong linear positive
correlation between relative CP size (RelCP) and the total number of OR genes (ORGs) (12 =
0.69, P <.0001; r=0.83[0.67,0.93], P < 0.0001). The total number of ORG includes both
functional genes as well as pseudogenes.
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Figure 2-S3. Relationship between absolute CP surface area and functional ORGs. There is
a weak but significant linear correlation between absolute cribriform plate (CP) surface area and
the number of functional olfactory receptor genes (log-transformed data) (r* = 0.22, P = 0.015, n
=26). The African elephant, by far the largest species in our sample, also has an extremely large
CP, both in absolute terms and relative to its body size. If we omit just the elephant from the
sample, the correlation disappears (r* = 0.13, P =0.79, n = 25). CP surface area is closely
coupled to body mass (Fig. 2-4 in the main text, r* = 0.83, P < 0.0001), therefore it needs to be
considered to resolve the relationship between CP morphology and ORG repertoires.
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Figure 2-S4. Relationship between RelCP and percentage pseudogenes. No linear
correlation was found between relative CP surface area (RelCP) and the percentage pseudogenes
present in species’ genomes (r° = 0.11, P=0.11; PGLS r* = 0.08, P = 0.17, n = 26). Further
analysis with a maximal information-based nonparametric exploration (MINE) statistic, a
possible nonlinear relationship emerges [Maximal Information Coefficient (MIC) =0.67, P =
0.0008]. A v-shaped pattern is observed in which species with the largest percentage
pseudogenes have either a large or very small RelCP. For example, the elephant, with the largest
CP of all species, has a slightly higher fraction of pseudogenes than even the orangutan, human
and platypus. For this reason, the percentage of pseudogenes is a poor indicator of olfactory
function or olfactory loss.
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Figure 2-S5. Estimating RelCP of sabertooth cat. Regression plot: CP surface area to body
mass (log-transformed data), adding the saber-toothed cat (Smilodon fatalis) to our sample (r*=
0.833, P <.0001, n =27). Residuals constitute relative CP size (RelCP).
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Figure 2-S6. Comparison of felid CP surface areas. Sabertooth cat (Smilodon fatalis) CP
morphology viewed within a sample of 10 living felids. Smilodon’s absolute CP surface area is
within the range of other large cats, however when its body mass is considered, its relative CP
(RelCP) appears to be smaller than all other felid species in the sample expect the fishing cat
(Prionailurus viverrinus) and perhaps the cheetah (Acinonyx jubatus).
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Cranium

Figure 2-S7. Dolphin nasal morphology. Bottlenose dolphin (Tursiops truncatus) skull, dorsal
view. Scale bar: 100 mm. Pink: 3D models of the filled foramina connecting ethmoid area of
nasal passages to cranium in the Inset: Close up of foramina in the ethmoid bone.
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Figure 2-S8. No relationship between Olfactory receptor genes (ORGs) and body size.
Because there is no significant relationship between the number of ORGs (functional or total)
and body mass for sample species, the number of ORGs is not corrected for body size in further
regressions and analyses.
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Figure 2-S9. RelCP vs ORGs. Regression plot of relative CP surface area (RelCP) vs. Number
of functional ORG (¢10), 1dentical to Figure 4 in the main text, except that the twelve species
with low coverage (< 6x) draft genomes are featured in blue here (r* = 0.76, P < 0.0001, n = 26).
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Figure 2-S10. Adjusted RelCP vs ORGs. Hypothetical regression plot of RelCP vs. Number of
functional ORGs (10g10), In Which the number of functional ORGs has been increased by 41.5% in
all low-coverage genomes (in blue, see Figure 2-S9). The 41.5% increase was derived by
comparing the number of ORG extracted from earlier, low-coverage (1.5-2%) draft genomes to
the number extracted from current > 6x coverage assemblies, averaged over four available
applicable cases (elephant, dog, cat, rabbit). Correlation: r* = 0.84 (PGLS r* = 0.81), P < 0.0001,
n =26. Any increase in the number of OR genes in low-coverage species strengthens the
correlation, as all but two of these species have relatively few ORGs for their RelCP size.
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Figure 2-S11. RelCP vs ORGs in > 6x genomes. After omitting species with low-coverage (<
6x) genomes, the correlation between RelCPSA and number of functional OR genes strengthens
to r’ = 0.89 (PGLS r*= 0.84), P < 0.0001, n = 14.
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Figure 2-S12. Pseudogenes vs RelCP. Regression of the number of pseudogenes against
RelCP. The inversion of the axes from Figure 2-6 in the main text. Species with the largest
RelCP tend to have high numbers of pseudogenes.
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Figure 2S13. Functional ORGs vs Pseudogenes. Regression of the number of functional ORG
against number of pseudogenes. Species with the largest number of pseudogenes in their ORG
subgenomes tend to possess the largest functional ORG repertoires. This matches the pattern in
Figure 2-6 in the main text, in which species with high numbers of pseudogenes tend to have the
largest RelCP. However, these two regressions are also different. In this regression, aside from
the elephant, large increases in pseudogene counts over ~498 (an inflection point estimated in R
package “rpart’”) are not associated with any significant rise in the number of functional ORG,
while the same large increases are accompanied by significant increases in RelCP size (Figure 2-
6).
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Figure 2-S14. Skull pneumatization surrounding CP. Contrast between pneumatized skull of
the African elephant (Loxodonta africana) and non-pneumatized skull of the gorilla. a, Coronal
cross-section slice from high-resolution CT scan of the elephant skull showing the brain case
surrounded by a honeycomb of pneumatized bone. Scale bar: 100 mm. b, Dorsal view of 3D
model of the elephant skull. Yellow dashed line: location of cross-section shown in image a
above. Scale bar: 100 mm. ¢, Coronal cross-section slice from high-resolution CT scan of the
gorilla skull (Gorilla gorilla) showing the brain case surrounded by non-pneumatized cortical
bone. Scale bar: 40 mm. d, Dorsal view of a 3D model of the gorilla skull. Yellow dashed line:
location of cross-section shown in the image b above. Scale bar: 50 mm.
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Rock hyrax

Figure 2-S15. Ethmoturbinals in elephant and hyrax. The ethmoturbinals, nasal bones that
carry the olfactory epithelium, are unusually expansive and dense in the African elephant
(Loxodonta africana). Quantifying turbinal surface area is beyond the scope of this paper, but
we contrast here two homologous cross-sections through the nasal chamber at the anterior-most
extension of the cribriform plate (CP) in the elephant and its closest living relative, the rock
hyrax (Procavia capensis). a, 3D model of elephant skull seen in anterolateral aspect. Orange
plane: location of cross-section shown in next panel. Scale bar: 100 mm. b, coronal cross-
section of elephant nasal chamber from CT scan. Scale bar: 20 mm. ¢, 3D model of hyrax skull.
Scale bar: 10 mm. Orange plane: location of cross-section. d, coronal cross-section of hyrax
nasal chamber from CT scan. Scale bar: 5 mm. Blue: ethmoturbinal bones. Red: Anterior-most
extension of CP.
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Figure 2-S16. Gray wolf RelCP. The gray wolf (Canis lupus) has a larger CP relative to body
size within the Log;¢/Log;o plot of CP surface area to body mass when added to the entire
sample. The wolf’s ORG subgenome has not yet been annotated, but given that the wolf has a
larger RelCP, we expect its ORG repertoire to be larger than the dog’s.
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Nine-banded armadillo
(Dasypus novemcinctus)

Tarsier
(Tarsius syricthta)

Figure 2-S17. Orbit size and CP size. a, The tarsier (7arsius syrichta) is a nocturnal primate
with elaborate visual specializations, including enlarged eyes and forward facing orbits. The
tarsier’s miniscule CP (in red) sits in the posterior nasal chamber squeezed between convergent
orbits. Scale bar: 10 mm. b, The nine-banded armadillo’s (Dasypus novemcinctus) orbits are
small, laterally oriented, and spaced far apart. Its CP fills the wide space between the orbits.
Scale bar: 10 mm.
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Table 2-S1: Morphological and genomic data for sample species. Abbreviations: CP,
cribriform plate; ORG, olfactory receptor gene. Body mass estimates are listed per species.

Where sexual dimorphism was present, we took the sex of individual specimens into

consideration when deriving the species body mass. Individual dog breed body size estimates

were averaged to calculate the mean body mass of the dog (Canis familiaris). For cribriform

plate surface area data for individual specimens, see Supplementary Table 3.

CpP Body Relative ORG
surface  Body mass Ccp Percent data
Common area mass refer- surface Total Functional Pseudo- pseudo- refer-
Species name n (mm?) (kg) ences” area ORGs ORGs genes genes  ences’
Ailuropoda melanoleuca  Giant panda 1 741.58  111.600 1 0.016 1235 907 328 0.266 22
Bos taurus Cow 2 2444.10 453592 2 0.214 2284 1186 1057 0.463 23
Canis familiaris Dog: French 4 57042  21.890 34,54 0.274 1100 811 278 0.253 23
bulldog, saluki,
borzoi, dachshund
Canis lupus Gray wolf 2 995.81 34.875 6 0.410 NA NA NA NA NA
Dasypus novemcinctus Nine-banded 440.87 5.647 7 0472 3146 1146 2000 0.636 24
armadillo 2
Equus caballus Horse 2 232424 250.000 4 0.328 2658 1066 1569 0.59 23
Erinaceus europaeus Hedgehog 3 93.09 1.177 8 0.155 625 295 330 0.528 24
Felis catus Cat 2 161.72 4.750 9 0.081 1052 677 375 0.356 25
Gorilla gorilla Gorilla 3 187.17 104.167 10 -0.566 597 263 334 0.559 24
Homo sapiens Human 3 180.53 62.000 11 -0.463 821 396 425 0.518 26
Loxodonta africana African elephant 1 17922.00 2766.000 12 0.650 4267 1948 2230 0.523 23
Microcebus murinus Mouse lemur 3 12.34 0.054 13 -0.018 980 576 404 0.412 24
Monodelphis domestica Opossum 2 23.52 0.071 4 0.198 1492 1188 294 0.197 27
Mus musculus Mouse 1 10.21 0.015 4 0.192 1366 1130 236 0.173 24
Myotis lucifugus Little brown bat 2 5.33 0.010 4 0.015 741 460 281 0.379 22
Ochotona princeps Pika 2 19.60 0.158 4 -0.062 803 489 314 0.391 24
Ornithorhynchus anatinus ~ Platypus 2 23.29 1.484 4 -0.500 718 265 370 0.515 27
Oryctolagus cuniculus Rabbit 2 117.26 1.800 14 0.158 1046 768 256 0.245 23
Otolemur garnettii Galago 1 39.33 0.760 4 -0.119 803 433 370 0.461 24
Pan troglodytes Chimpanzee 1 125.47  45.000 4 -0.548 813 380 414 0.509 26
Pongo pygmaeus Orangutan 2 139.46 75.000 15 -0.619 821 296 488 0.594 26
Procavia capensis Rock hyrax 2 72.74 4.000 16 -0.231 681 319 362 0.532 24
Pteropus vampyrus Large flying fox 3 55.82 1.067 17 -0.045 670 343 327 0.488 24
Rattus norvegicus Rat 2 35.74 0.222 18 0.121 1767 1207 508 0.287 23
Smilodon fatalis Sabertooth cat 1 1012.00 230.000 19 -0.014 NA NA NA NA NA
Sorex araneus Shrew 2 10.57 0.009 20 0.335 1781 1031 750 0.421 24
Tarsius syrichta Tarsier 1 3.22 0.117 21 -0.778 345 89 256 0.742 24
Tupaia belangeri Tree shrew 2 56.61 0.200 4 0.344 2170 979 1191 0.549 24
Tursiops truncatus Bottlenose dolphin 3 NA*  175.000 4 NA 26 12 14 0.538 24

*Presence of cribriform plate in the ethmoid bone of the bottlenose dolphin (Tursiops truncatus)

cannot be established from this study. * For sources of body size and gene counts, see

Supplementary References.
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Table 2-S2: Summary statistics. Abbreviations: CP, Cribriform plate; RelCP, Relative
cribriform plate; ORG, Olfactory receptor genes; MIC, Maximal information coefficient; PGLS,
Phylogenetic generalized least squares.

Regression n P value Pearson's r P value MIC Pvalue PGLSr* Pvalue
CP surface area (log,) vs body mass (log,,) 26 0.823 <0.0001 0.91 (.84,.96) <0.0001 NA NA 0.875 <0.0001
RelCP vs functional ORG (log10) 26 0.763 <0.0001 0.87 (.73, .95) <0.0001 NA NA  0.7468 <0.0001
RelCP vs functional ORG (log,,)
(species with > 6x coverage genomes) 14 0.89 <0.0001 0.94 (.85, .98) <0.0001 NA NA 0.815 <0.0001
RelCP vs functional ORG (log,) (with < 2x
species corrected to match predicted count
for higher-coverage assemblies ) 26 0.841 <0.0001 0.92 (.81, .97) <0.0001 NA NA 0.81 <0.0001
RelCP vs total ORG (log,) 26 0.68 <0.0001 0.82 (.66, .92) <0.0001 NA NA 0.682 <0.0001
RelCP vs number of pseudogenes (all
species) 26 0.358 0.001 0.6 (.3,.77) 0.0013 NA NA 0.41 0.0004
RelCP vs number of pseudogenes (species
with < 500 pseudogenes) 19 0.225 0.04 -0.47 (-.87, .06) 0.0019 NA NA 0.029 0.485
RelCP vs number of pseudogenes (species
with > 500 pseudogenes) 7 0.825 0.004 0.91 (.59,.995) 0.041 NA NA 0.82 0.005
RelCP vs percentage of pseudogenes 26 0.114 0.09 -0.84 (-.95, -.63) 0.074 0.673 0.0016 0.09 0.135
Number functional ORG vs pseudogenes 26 0.465 0.0001 0.68 (0.32, .87) 0.0005 NA NA 0.54 <0.0001
Number functional ORG vs percent
pseudogenes 26 0.119 0.084 -0.35 (-.75, .14) 0.084 0.667  0.001 0.066 0.2
Raw CP surface area (log,,) vs functional
ORG (logy) 26 0.22 0.015 0.47 (-.01, 0.74) 0.013 NA NA 0.27 0.006
Raw CP surface area (log,,) vs functional
ORG (logy,) elephant omitted 25 0.128 0.079 0.36 (-.12, 0.66) 0.078 NA NA 0.16 0.047
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Table 2-S3. Sources and morphological data from felid species. Museums and collections
are as follows: FMNH, Field Museum of Natural History; LACM, Museum of Natural History
of Los Angeles County; LACMRLP, Rancho La Brea Tar Pits; MMNH, James Ford Bell
Museum University of Minnesota, Minneapolis; UCLAEEB, University of California Los
Angeles Department of Ecology and Evolutionary Biology

Cribriform

plate

surface area
Species Sex Specimen Body mass® (mm?)
Acinonyx jubatus M FMNH29635 50.00 473.072
Acinonyx jubatus F FMNH127834 50.00 396.43
Felis catus M UCLAEEB110 4 4.65 188.858
Felis catus U UCLAEEB110 3 4.75 134.59
Felis silvestris M LACM14480 4.75 206.265
Felis silvestris F LACM14474 4.65 157.456
Leopardus pardalis M FMNH34339 12.00 296.37
Leopardus pardalis F LACM26789 12.00 353.497
Lynx rufus M UCLA10115 9.00 225.126
Lynx rufus F LACM15254 9.00 220.712
Neofelis nebulosa M LACM31155 19.50 371.343
Neofelis nebulosa M USNM282124 19.50 429.038
Panthera leo M MMNH17537 161.50 1149.921
Panthera leo F MMNH17533 161.50 1041.53
Prionailurus viverrinus U LACM90838 10.85 184.974
Prionailurus viverrinus F LACMS56718 10.85 152.295
Puma concolor M LACMSE7430 51.60 701.497
Puma concolor F LACMS85440 51.60 686.83
Smilodon fatalis U LACMRLP R37376 230.00 820.05

“Estimated body masses are from Smith et al. (2003)*, except for two species, Felis catus’
and Smilodon fatalis®.
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Table 2-S4. Sources and cribriform plate surface area for individual specimens of the sample
species. AMNH: American Museum of Natural History. CMNH: Cleveland Museum of Natural
History. DLC: Duke Lemur Center. DUPC: Duke University Primate Center. [ZCAS: Institute
of Zoology of the Chinese Academy of Sciences. LACM: Natural History Museum of Los
Angeles County. LACMRLP: Rancho La Brea Tar Pits. MVZ: Museum of Vertebrate Zoology.
SDSMH: San Diego Society of Natural History. UCLA: Donald R. Dickey Collection at the
University of California Los Angeles. UCLAEEB: UCLA Department of Ecology and
Evolutionary Biology. USNM: National Museum of Natural History. UTO: University of Texas
Austin.

Cribriform

plate

surface
Species Specimen Sex area (mmz)
Ailuropoda melanoleuca IZCAS6072 U 741.58
Bos taurus MVZ114370 F 2482.09
Bos taurus UCLAEEBI110 1 U 2406.12
Canis familiaris LACMO031106 M 382.21
Canis familiaris LACMO022825 U 601.60
Canis familiaris LACM30539 M 851.57
Canis familiaris UCLA3054 U 446.28
Canis lupus USNM291011 M 1045.53
Canis lupus USNMS507338 F 946.09
Dasypus novemcinctus LACM46145 M 425.00
Dasypus novemcinctus UCLA1697 M 456.73
Equus cabalus MVZ223018 M 2321.06
Equus cabalus UCLAEEB110 2 U 2327.43
Erinaceus europea LACMS58376 M 93.44
Erinaceus europea LACMS58375 F 81.04
Erinaceus europea MVZ183386 M 104.79
Felis catus UCLAEEBI110 3 M 188.86
Felis catus UCLAEEBI110 4 U 134.59
Gorilla gorilla MVZ174521 F 165.18
Gorilla gorilla UCLA1788 M 261.12
Gorilla gorilla UCLA2367 F 135.21
Homo sapiens MVZ106555 F 208.91
Homo sapiens UTO_HSO01 M 171.03
Homo sapiens UCLAEEBI110 5 F 161.65
Loxodonta africana LACMS52471 F 17922.00
Microcebus murinus MVZ132535 F 12.82
Microcebus murinus DLC7006 M 11.02
Microcebus murinus DUPCO098 U 13.18
Monodelphis domestica MVZ144306 F 24.01
Monodelphis domestica MVZ144307 M 23.03
Mus musculus TMM3196 M 10.21
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Cribriform

plate
surface
Species Specimen Sex area (mmz)
Myotis lucifugus AMNH232239 U 5.83
Myotis lucifugus AMNH232244 U 4.83
Ochotona princeps UCLA17230 M 19.29
Ochotona princeps MVZ42613 M 19.29
Ornithorrynchus anatinus MVZ126977 M 22.42
Ornithorrynchus anatinus MVZ126978 M 24.16
Orychtolagus cuniculus LACM7601 M 124.79
Orychtolagus cuniculus LACM7603 M 109.74
Otolemur garnetti CMNH_B0748 U 39.33
Pan troglodyes USNM395820 U 125.47
Pongo pygmaeus MVZ65532 M 129.65
Pongo pygmaeus UT49859 M 149.27
Procavia capensis LACMO90782 M 77.33
Procavia capensis UCLATMMA4351 M 68.16
Pteropus vampyrus LACMOI1185 U 44.92
Pteropus vampyrus LACMO1183 U 47.67
Pteropus vampyrus MVZ116834 M 74.87
Rattus norvegicus UCLA699%4 F 35.61
Rattus norvegicus UCLA9452 M 35.86
Smilodon fatalis LACMRLP R37376 U 1012.00
Sorex araneus MVZ179796 F 10.57
Tarsius syrichtus DLC1406 82 F 3.22
Tupaia belangeri LACMO008157 M 57.93
Tupaia belangeri MVZ119721 M 55.30
Tursiops truncatus SDSNH 21212 U NA*
Tursiops truncatus LACMS84269 M NA*
Tursiops truncatus LACM95828 U NA*

*The presence of a cribriform plate in the ethmoid bone of the bottlenose dolphin (Tursiops
truncatus) could not be established in this study.
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CHAPTER 3

Olfaction at the interface of aquatic and terrestrial habitats: cribriform plate

morphology in arctoid carnivorans
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Introduction

Mammals rely to varying degrees on the sense of smell for their existence. Olfactory
systems have evolved to operate in distinct ecological contexts; as lineages, foraging landscapes
and chemical stimuli change over evolutionary time, species acquire and lose olfactory capacities
(Hayden et al., 2010; Van Valkenburgh et al., 2011; Gittleman, 2013). For example, it is widely
accepted that cetaceans, obligate aquatic mammals with almost no chemosensory input, rely little
on olfaction and have lost the adaptive olfactory anatomy and behaviors present in their
terrestrial ancestors. (Buhl et al., 1988; Oelschldger, 1992). There is less agreement on the
relative role smell plays in the life of aquatic mammals with residual ties to the land, such as the
arctoid carnivoran pinnipeds and sea otter (Enhydra lutris). An early report from Harrison and
Kooyman (1968) suggested that the olfactory apparatus of pinnipeds is generally and variably
reduced, while a more recent study claims that pinniped olfactory anatomy is not significantly
different from that of their terrestrial relatives (Pihlstrom, 2008). The idea that pinnipeds and the
sea otter retain a keen sense of smell is reinforced by reported field observations of scent-driven
interactions, such as nose-to-nose nuzzling, genital sniffing, alarm responses to upwind
biologists, and aversive reaction to con-specific carcass odors (Ross, 1970; Riedman et al., 1990;
Lowell et al., 1980; Peterson and Bartholomew, 1967). While these examples describe
numerous facets of an aquatic carnivoran’s chemosensory ecology on land, there is one olfactory
dimension that is overlooked here. For carnivorans that forage underwater, critical odor cues
typically used by terrestrial species (Ewer, 1973; Nowak, 1999) are completely absent. Diving
mammals forage with their nares closed (Riedman, 1990; Reidenberg, 2007). While underwater,
an aquatic mammal is shut off from all chemical cues and forages “noseblind”. For this reason

we hypothesize that aquatic carnivorans rely less on olfaction than closely related terrestrial
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species and predict that this will be reflected in reduced olfactory anatomy. To test this
hypothesis, we look to the cribriform plate (CP), a bone in the posterior nasal cavity that is
perforated by passageways for olfactory nerve bundles crossing from the periphery to the
olfactory bulb of the brain. Because CP size varies with the amount of peripheral innervation
found in a mammal’s snout (Pihlstrom et al., 2005), quantifying the CP provides an opportunity
to gauge and compare relative olfactory investment within aquatic and terrestrial species (Bird et
al., 2014). Here we perform the first extensive comparative and quantitative study of the CP
morphology of arctoid carnivorans, a clade that has seen multiple independent invasions into the
marine habitat and includes species at the intersection of terrestrial and aquatic life.

The CP is an informative and easily quantifiable feature of olfactory anatomy. It
separates the nasal cavity from the brain case and sits at the center of the olfactory sensory
pathway. Every axon projecting from an olfactory sensory neuron on the epithelium lining the
ethmoturbinals and nasal septum must traverse the CP to deliver its odor signal to the brain
(Farbman, 1992). As axons exit the nasal cavity in fasciculated bundles, they leave their imprint
in myriad foramina in the CP bone (Negus, 1958) (Fig. 3-1). The CP is developmentally and
functionally closely associated with the olfactory-related ethmoturbinals. In fetal mammals, the
CP arises as an outgrowth of developing ethmoidal turbinal bones (Rowe et al., 2005). The CP
and ethmoturbinals are tightly correlated in size (Bird et al., 2014, Van Valkenburgh et al., 2011)
and share space in the posterior-most extent of the nasal cavity.

Using high-resolution CT scans and 3D imaging software and methods developed in
Chapter One (Bird et al., 2014), we measured the surface area of the perforated region of the CP
as well as the cumulative cross-sectional area of the CP foramina as metrics of relative olfactory

innervation found in individual arctoid species.
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Our sample group, the arctoid carnivorans, is an ecologically rich clade that includes
ursids (bears), mustelids (weasels otters, and related), procyonids (raccoons and related),
mephitids (skunks) and pinnipeds, among others (Fig. 3-2) (Meredith et al., 2011; Slater et al.,
2012). Within the arctoids across evolutionary time, there were at least three independent,
secondary entries into aquatic habitats (Berta et al., 2015), resulting in a diversity of closely
related species from disparate ecologies (aquatic, semi-aquatic, terrestrial) along a spectrum of
olfactory demands. For example, otters diverged from terrestrial mustelids only ~ 8-9 million
years ago (Koepfli et al., 2008). A second aquatic group, the pinnipeds, are nested within the
arctoids in a lineage that diverged from the terrestrial ursids an estimated 25-35 ma. (Berta et al.,
2015, Meredith et al., 2011). Studying Carnivora is also advantageous because the group has a
fairly well resolved phylogeny, allowing the application of comparative methods that account for
phylogenetic relatedness in our study of ecological influences on olfaction.

We grouped the arctoids into three behavioral ecologies, terrestrial, aquatic and semi-
aquatic. We defined terrestrial species as those that live and forage exclusively on land. These
include members of the ursids, mustelids, procyonids and mephitids. Those in the aquatic
grouping forage exclusively underwater but also spend some time hauled out on land or pack-ice.
The semi-aquatics forage both underwater and on land and include two mustelid species, the
American mink (Neovison vison) and the North American river otter (Lontra canadensis).

As mammals transitioned to foraging in an aquatic habitat without the guidance of odor
cues, we expect that the selective pressure on olfactory performance eased, resulting in the
partial loss of olfactory function as manifested in smaller CPs. There may also be specific costs
that result in a smaller CP in aquatic carnivorans as well. The transition to an aquatic lifestyle

requires anatomical specializations that could impose structural constraints on olfactory systems.
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Pinnipeds and sea otters pursue their prey while holding their breath in a medium that is bereft of
all airborne odor cues, dimly lit and a source of potentially damaging hydrostatic pressure. They
have evolved visual and mechanosensory adaptations, such as enlarged eyes and densely
innervated vibrissae, to facilitate prey detection under such conditions (Berta et al., 2015;
Stephens et al., 1973). Eye orbit size appears to correlate with diving depth suggesting an
adaptation to foraging in nearly total darkness (Debey et al., 2012). Additionally, in response to
increased pressure on the skull when diving and potential tissue trauma (Kooyman et al., 1998),
aquatic carnivorans have lost all pneumatized cranial sinuses (King, 1983; Curtis et al., 2015)
and have evolved a plexus of distensible venous tissue postulated to expand at depth and reduce
the volume of the air-filled middle ear cavity (Welsch et al., 1997). Because the CP and
ethmoturbinals are situated between the orbits and within the posterior nasal cavity, an air-filled
space, it is reasonable to hypothesize that evolutionary changes to the latter structures driven by
selection for enhanced vision and mitigation of diving pressures might reduce the amount of
space available for the olfactory skeleton. For these reasons, we investigate a possible
relationship between CP size and dive depth, as well as dive duration, within the group of aquatic

carnivorans. We predict that relative CP size will covary inversely with dive depth and duration.

Materials and methods
Specimen collection

We sampled 56 skulls from 28 species representing eight families of arctoid carnivorans
(Fig. 3-1). Specimens and their source museums are listed in Table 3-3. All species were extant
with the exception of the tropical monk seal (Monachus tropicalis). Body sizes span three orders

of magnitude from <1 kg (long-tailed weasel, Mustela frenata) to ~750 kg (Northern elephant
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seal, Mirounga angustirostris). Where possible, we sampled two wild-caught adult specimens,
one male and one female, for each species.
Morphological data

Thirty-five of the 56 skulls were scanned at the University of Texas High Resolution CT
Scanning Facility (http://www.ctlab.geo.utexas.edu). The remaining 21 skulls were scanned on
Phoenix nanotom s’ machines at the Molecular Imaging Center of the Keck School of
Medicine of USC in Los Angeles, on Phoenix v|tomex'" machines at General Electric’s
Inspections Technologies Facility in San Carlos, California, or on a Siemens Definition AS64™
scanner at Ronald Reagan Medical Center at UCLA. In order to maximize resolution, the field
of view was restricted to the CP area of the skull in most cases, although a number of skulls were
scanned in their entirety. Voxel size ranged from 0.044 to 0.5 mm. All scans are available upon
request from either Digimorph (http://www.digimorph.org) or MorphoSource
(http://www.morphosource.org/). Scans were imported into the 3D imaging software Mimics (v.
15.0-18.0, Materialise, Leuven, Belgium), segmented into two dimensional masks, and
reconstructed as volumetric renderings. Edited 3D models of the CP that were constructed for
each specimen could be rotated and magnified for closer inspection and quantification. When
needed, multiple areas of interest in the skull were segmented and rendered as separate 3D
models to better visualize the CP in the context of its surrounding nasal anatomy (Fig. 3-3). Two
morphological metrics, CP surface area and cross-sectional area of CP foramina (FXSA), were
quantified for all arctoid skulls using Mimics and 3-Matic imaging. For a thorough description
of methods involving morphological quantification, see the Materials and Methods sections of
Chapters One and Two and Figure 4 in Chapter One. Collecting FXSA data presents multiple

challenges. It requires CP specimens with no damage to the foramina, high quality high-
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resolution CT scans and involves many hours (up to 12 hours) of concentrated labor per
specimen. For this reason we have FXSA data for only one specimen per species for 27 of the
28 species. The CP’s cumulative foramina area is the direct imprint of olfactory neural tissue in
the bone, and as such may be regarded as a more precise or informative metric of CP size,
however, because our FXSA data are limited and FXSA correlates closely with CP surface area
(Fig. 3-4) we focus here on CP surface area.

We used skull length as a body size proxy, defined as the distance between the anterior
most extent of the orbit and the posterior extent of the occipital condyle (orbit to occipital length,
or OOL). Using skull length instead of body mass reduces the excessive influence of large fat
stores among pinnipeds on estimates of body size. Furthermore, the skull metric OOL excludes
the confounding influence of snout length, a feature that varies widely among arctoids
independent of body size (Van Valkenburgh, 1990). OOL was measured from 3D skull
reconstructions using Mimics or from skulls directly using digital calipers.

Habitat groupings

We divided the sample species into three habitat groupings, terrestrial, aquatic and semi-
aquatic as defined above. Terrestrial species in our sample include four ursids (grizzly bear,
Ursus arctos; American black bear, Ursus americanus, polar bear, Ursus maritimus, giant
panda, Ailuropoda melanoleuca), three mustelids (American badger, Taxidea taxus, wolverine,
Gulo gulo; long-tailed weasel, Mustela frenata), two procyonids (raccoon, Procyon lotor;
kinkajou, Potos flavus), and one mephitid (striped skunk, Mephitis mephitis). Aquatic
carnivoran species include one mustelid (sea otter, Enhydra lutris) and 15 pinnipeds from the
otariids (Stellar sea lion, Eumatopias jubatus; California sea lion, Zalophus californianus; South

American sea lion, Otaria byroni; Northern fur seal, Callorhinus ursinus; Galapagos fur seal,
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Arctocephalus galapagoensis; Cape fur seal, Arctocephalus pusillus), phocids (bearded seal,
Erignathus barbatus; leopard seal, Hydrurga leptonyx; tropical monk seal, Monachus tropicalis;
Northern elephant seal, Mirounga angustirostris; ringed seal, Phoca hispida; Baikal seal, Phoca
sibirica; harbor seal, Phoca vitulina) and one odobenid (walrus, Odobenus rosmarus). The semi-
aquatic species in our sample include two mustelids (North American river otter, Lontra

canadensis; American mink, Neovison vison).

Diving Data

Four diving variables were chosen for this study, maximum dive depth, mean dive depth,
maximum dive duration, and mean dive duration. All dive data were compiled from individual
behavioral field studies published in the primary literature (Table 3-2). Where possible, we used
reported estimates of mean dive depth and duration. Where data from individual dives were
published without estimated averages, we used these raw data to calculate the best estimate of
average dive depth and duration. Other potentially informative variables describing overall
“aquatic-ness” of the aquatic species, such as at-sea duration, migration distances, and haul-out
duration, exist for some but not all species, and so could not be used for this study. Because no
reliable diving data exist for the extinct tropical monk seal (Monachus tropicalis) we substituted

available data for its living sister species, the Hawaiian monk seal.

Statistical Analysis
Species means of all morphological and ecological variables were used for data analysis.
All species means were log transformed to normalize the data. To view scaling relationships

between CP and body size and to derive values for relative CP size, we plotted absolute CP
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surface area against OOL using generalized least squares regression. Resulting residuals from
this regression were used as relative CP size (RelCP) in all subsequent analyses. To test the
influence of habitat on RelCP values, we performed one-way ANOVA and Tukey HSD post-hoc
tests. To account for phylogenetic relatedness and covariance among taxa, we performed
phylogenetic least squares regressions (PGLS) using the Caper package in R (Orme et al., 2013)
and a time-calibrated mammal phylogeny that we trimmed to include only the species in our
study (Fitz et al., 2005. For visualization purposes, GLS plots are shown in the figures. All

analyses were done in R (R Development Core Team, 2016)

Results
Correlations between cribriform plate (CP) surface area and CP foramina cross-sectional area
Absolute CP surface area, defined as the area encompassing only the perforated CP bone,
correlates strongly with the cumulative cross-sectional area of CP foramina (FXSA) across our
28 arctoid carnivorans (r* = 0.91, P <0.0001) (Fig. 3-4). These two CP metrics scale with
isometry (slope = 1.04). Therefore, because of the strong correlation between the two metrics,
and because our sample size is larger for CP area, we focus here on the latter metric.
Relative cribriform plate size.
Absolute CP surface area is coupled to the body size proxy, orbit to occipital condyle
(OOL) (r* = 0.58, P < 0.0001), and scales with negative allometry (Fig. 3-5). The positive
correlation indicates that CP size increases with body size, while the slope of the regression
(1.18), significantly lower than expected under geometric similarity (slope =2), indicates that
larger animals have relatively smaller CP for their size. The scatter appears to be due to the

spread between terrestrial species (Fig. 3-5, green) and the aquatics (Fig. 3-5, dark blue,
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turquoise). Among the aquatic species the correlation between CP surface area and OOL is
somewhat stronger (r* = 0.76, P < 0.0001, n = 16) and among terrestrials alone it is stronger still
(r* = 0.9, P <0.0001, n = 10) (Fig. 3-6). CP surface area scales with negative allometry in both

aquatic and terrestrial samples with slopes of 1.48 and 1.71, respectively (Fig. 3-6, Table 3-1).

Cribriform plate in terrestrial, aquatic and semi-aquatic species

To test the hypothesis that aquatic species have reduced olfactory morphology relative to
terrestrial and semi-aquatic species, we performed a one-way ANOVA on relative CP size
(RelCP, see methods) values from the three habitat groups. Terrestrial species appear to have
significantly larger RelCP than both aquatic and semi-aquatic species (Tukey HSD post-hoc test,
P <0.05) (Fig. 3-7), but when phylogeny is accounted for, only the difference between terrestrial
and aquatic species remains significant (P < 0.0001). There is no difference between the RelCP

of the aquatic and semi-aquatics groups (P = 0.99).

RelCP and diving ecology of aquatic carnivorans: dive depth and duration

To derive RelCP values useful in testing phylogenetic and ecological influences on CP
morphology within the aquatic group, we used residuals from a linear regression of absolute CP
surface area against OOL across the 16 aquatic species (Fig. 3-8). Within the pinnipeds, the
clade comprised of otariids and the one odobenid has significantly larger RelCPs than the
phocids (Tukey HSD post hoc test, P < 0.009), and otariids alone have significantly larger RelCP

than phocids (Tukey HSD post hoc test, P <0.03) (Fig. 3-9, Table 3-2).
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We tested for correlations between RelCP and mean dive depth, maximum dive depth, mean dive
duration, and maximum dive duration, respectively. We found no significant relationship
between RelCP and maximum recorded dive depth (Table 3-2), but there was a significant
negative correlation between RelCP and mean dive depth for our sample’s 16 aquatic species (r*
=0.67, P<0.0001) (Table 3-2, Fig. 3-10). After accounting for relatedness by performing a
phylogenetic generalized least squares regression (PGLS), the correlation weakened but
remained significant (r* = 0.29, P = 0.03). Phocids display a far wider range of mean dive depths
(17.2 — 504 m) than their sister clade of otariids and odobenids (17.5 — 58.2 m) (Table 3-1),
suggesting wider ecological diversity, and so we examined them separately from other aquatics.
To estimate RelCP within phocids alone, we used residuals from the regression of CP surface
area against OOL in the eight phocid species. A generalized least squares (GLS) regression
revealed a negative correlation between RelCP and mean dive depth in phocids (r* = 0.64, P =
0.016, n = 8) and while the trend persists under PGLS, it was not statistically significant (r* =
0.37, P=0.12, n = 8) (Fig. 3-11).

Maximum dive duration was also negatively correlated with RelCP across all aquatics (r*
=0.56, P =10.0009) but this disappeared when phylogenetic relatedness was considered (Fig. 3-
12). As was the case for dive depth, phocid species cover a wider range of maximum dive
durations (18.7 — 82 min.) than do otariids and the odobenid (6 — 20.1 min.). Within the phocids
alone, there was a strong negative correlation between RelCP and maximum dive duration (1* =
0.67, P =0.013, n = 8) (Fig. 3-13) that persists after accounting for phylogeny (PGLS r* = 0.6,
P=0.02).

The most robust relationship between CP morphology and diving ecology is found

between RelCP and mean dive duration. Among all pinnipeds plus the sea otter, there is a
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significant negative correlation (r* = 0.58, P = 0.0006; PGLS 1> = 0.42, P = 0.006, n = 16) (Fig.
3-14). Again, phocids represent a wider range of mean dive duration values than the otariids and
odobenids (2 — 22.5 min., 1.1 — 3.4 min., respectively). There is a significant negative
correlation between RelCP and mean dive duration among phocids alone, initially revealed in a
GLS regression (1> = 0.59, P = 0.027) (Fig. 3-15) and strengthened with PGLS (r* = 0.67, P =

0.012, n = 8).

Discussion

Our analysis of variation in relative CP size and habitat (terrestrial, semi-aquatic and
aquatic) in arctoid carnivorans was conducted at two levels, first across our entire sample of
arctoids, and then in more depth within the aquatic species alone. For the latter, we compared
relative CP size among aquatic species with different diving behaviors. At both levels, results
suggest that reduction in CP size among aquatic mammals is a secondary adaptation to an
aquatic lifestyle that reflects reduced reliance on olfaction.

As a group, pinnipeds and the sea otter have smaller RelCPs than terrestrial arctoid
carnivorans. These findings contradict an earlier study that concluded that otariids and phocids
CPs are not significantly different from those of terrestrial carnivorans (Pihlstrom, 2005, 2008).
There are several likely reasons for differences in our findings. First, Pihlstrom et al. used linear
CP measurements fitted to a generalized ellipsoid semi-sphere to calculate CP surface area. As
CP shape varies widely and is generally irregular (Bird et al., 2014), such an approach may
produce less accurate estimates of CP surface area than digital quantification. Secondly, their
body size proxy, skull area, includes snout length within its skull length metric, which tends to

underestimate body size in the generally shorter-snouted aquatic pinnipeds and sea otter

77



compared to the long-snouted ursids. This results in the pinnipeds appearing to have a relatively
larger CP for their skull size. Finally, our sample included additional phocid species with some
of the smaller RelCPs among carnivorans, such as the Northern elephant seal, the Weddell seal,
Baikal seal, harbor seal and tropical monk seal (Bird et al., 2014)

Our results are consistent with earlier evidence that the surface area of olfactory-related
ethmo- and nasoturbinals are reduced in aquatic carnivorans when compared with terrestrial
species (Van Valkenburgh et al., 2011). We might expect that CP and olfactory turbinals share a
similar reduction in aquatics, given that CP and ethmoturbinals share a developmental origin
(Rowe, 2005) and are strongly correlated in size across all carnivorans (Bird et al., 2014).

There are at least two possible evolutionary interpretations for our finding that aquatic
arctoids have relatively reduced CPs. First, although odor cues play an important role in social
interactions among aquatic carnivorans above water, below water, where pinnipeds and sea otters
do all their foraging, odor cues are completely absent. Because aquatics dive with shut nostrils,
prey detection is accomplished without scent cues except those detected above water upon
surfacing. This last point is not trivial, as harbor seals have shown a fine sensitivity to dimethyl
sulphide (DMS), a volatile phytoplankton odorant and indicator of local marine productivity that
is detected by sea birds as well (Kowalesky et al., 2006; Nevitt et al., 1995). However, for the
most part, aquatic mammals forage “noseblind.” Olfactory anatomy is a costly sensory system
made up of millions of continually self-replacing olfactory sensory neurons (Graziadei et al.,
1985). As selective pressure for sensing prey via odors was relaxed, olfactory systems among
carnivorans transitioning to a life in water likely decreased in size over time.

A second and related explanation for the reduction of olfactory anatomy in aquatic

mammals focuses on sensory trade-offs. Aquatic carnivorans have evolved keen alternative
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sensory systems that are well adapted to underwater foraging. For example, they possess a
tactile acuity exhibited in dense arrays of highly innervated vibrissae, the most prominent of
which are the mystacial (mustache) whiskers (Berta et al., 2015). Such compact arrangements of
whiskers in the phocid bearded seal (Erignathus barbatus) and the walrus (Odobenus rosmarus)
are thought to assist in locating mollusks in the shallow benthic substrate (Marshall et al., 2006).
Experiments using blindfolded animals revealed that harbor seals (Phoca vitulina) use their
vibrissae to track the hydrodynamic trails of swimming fish (Denhardt et al., 2001). Even the sea
otter, the most recent carnivoran to return to an aquatic existence, has evolved a thick matt of
large vibrissae with levels of innervation comparable to that of phocids (Marshall et al., 2014).

In addition to the enhanced vibrissae, aquatic carnivorans rely on a visual system adapted for
hunting in dark waters. With the possible exception of the walrus and sea otter, aquatic
carnivorans possess proportionally large eye orbits (Debey et al., 2012). Additional features that
enhance visual acuity under low light include nearly spherical lenses (Berta et al., 2015), wide
pupil size range and highly efficient dark adaptation (Levenson and Schusterman, 1999) as well
as a tapetum lucidum (Kroger et al., 2008). The reduction of olfactory anatomy in aquatic
mammals over time likely stems from a relaxation of selective pressures that follows a loss of
chemosensory input as well as an increased reliance on alternative sensory systems in

underwater foraging.

Although aquatic arctoid carnivorans have on average smaller RelCP values than their
terrestrial relatives, there is substantial morphological variation within this group, much of which
appears to reflect phylogeny. Phocids tend to have relatively smaller CPs than the otariids.
However, there are exceptions. Two phocid species, the bearded seal (Erignathus barbatus) and

the leopard seal (Hydrurga leptonyx), have relatively large CPs, more similar to those of otariids
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or walrus than to other phocids (Figs. 3-8, 3-16). Notably, relative to others phocids, these two
species are shallow divers. The bearded seal retrieves mollusks and fish from the benthic
substrate (Krafft et al., 2000) and the leopard seal feeds primarily in the shallows on krill
colonies, penguins and occasional pinniped pups (Nordey et al., 2008). This suggests that

shallow diving pinnipeds may rely more on olfactory cues than deeper diving pinnipeds.

The correlation between diving behavior and CP size was confirmed in our examination
of CP among species that differed is aspects of dive depth and duration. Although there was no
significant association between maximum dive depth and RelCP that held up after phylogenetic
accounting, there were significant negative correlations between RelCP and each of the other
dive variables: mean dive depth, mean dive duration and maximum dive duration. Initially, the
absence of a relationship between maximum dive depth and RelCP was surprising because
maximum dive depth values exhibit the widest range of all the variables and because the smallest
RelCP value by far in our sample belongs to the most extreme diver, the Northern elephant seal,
which has been recorded diving to 1529 meters (DeLong et al., 1991). However, upon closer
consideration of the published literature, it becomes apparent that maximum depth values are in
many cases not representative of a species’ overall diving patterns, as indicated by a number of
extreme maxima recorded and published for otherwise relatively shallow divers. For example,
the California sea lion has been recorded at an impressive depth of 575 meters (Costa et al.,

2007), yet this otariid is generally considered a moderately shallow diver (Berta et al., 2015).

Why does selection favor reduced RelCP in aquatic carnivorans exhibiting longer and
deeper average dives? There are a number of alternative hypotheses, all of which require further

testing. First, it is possible that shallow, short dive patterns reflect a relatively closer tie to the
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land/ice, while deeper and longer dive patterns represent a more pronounced separation from a
terrestrial habitat. Longer separation from land, that is, a more aquatic life, may mean an
increased separation from airborne odor cues that terrestrial animals rely on for food, predator
protection, social communication and reproduction. To test whether longer, deeper diving
reflects a more fully aquatic lifestyle, all diving variables need to be viewed in relationship to
other ecological factors that describe relative proximity to land/ice and relative duration at sea
for all the aquatic carnivoran species. These factors could include foraging trip duration
(Kooyman et al., 1986), long-distance migration patterns (Burton et al., 2012), pupping season
duration (Stirling, 1991), haul-out patterns (Cunningham el al., 2009), and overall at-sea duration
(Costa et al., 2010), among others. Data exist for each of these variables for some but not many

species, prohibiting a comprehensive comparison with diving behavior.

An alternative, or complementary, interpretation for the negative relationship between
diving depth/duration and RelCP relates to odorants at the water’s surface that are emitted by
underwater prey. Shallower diving mammals may retain a larger RelCP if their prey species
produce volatile chemicals that readily reach the water’s surface and can be used as odor cues.
One such volatile, mentioned above, is DMS, an odorant emitted by phytoplankton, particularly
when grazed upon by krill and other zooplankton (Dacey et al., 1986). The presence of DMS,
especially in higher concentrations, signals an underlying trophic web based on krill and
including krill-feeding animals, such as fish or penguins. A number of procellariiform seabirds,
as well as penguins, are able to detect DMS and are thought to use its presence to locate krill
(Nevitt et al., 1995; Amo et al., 2013). Recent evidence that harbor seals (Phoca vitulina) also
detect DMS (Kowalewsky et al., 2006) introduces the possibility that other pinniped species may

do so as well. This may explain why the leopard seal (Hydrurga leptonyx), a shallow and short
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diver that feeds primarily on krill, penguins and crabeater seal pups (Pauly et al., 1998), has the
largest RelCP among the phocids. If the leopard seal navigates a rich landscape of scent cues at
the surface of the water, as well as on the ice sheet, a larger olfactory system would be adaptive.
The functional significance of the relatively large CP in the leopard seal is reinforced by the fact
that their close relative, the elephant seal, is the deepest and longest diving pinniped with the
smallest RelCP (Fig. 3-12). However, our other species with a large RelCP, the shallow, short
diving bearded seal, appears to rely more on its vibrissae than surface scent cues in detecting
invertebrates buried in the soft substrate (Marshall et al., 2006). To strengthen the argument that
shallower divers rely on surface odor cues emitted by prey, it would be useful to look at the CP
of a crabeater seal, a short diving phocid (11 min. maximum dive duration) (Schreer et al., 1997)

that depends on up to 90% krill for its diet (Pauly et al., 1998.

As important as surface odor cues could be for shallow divers, they are likely far less
significant for deep divers. For example, the Northern elephant seal dives in a staggered stair-
step pattern, reaching its prey of pelagic squid and mesopelagic fish (Pauly et al., 1998) at depths
between ~300-1500 meters and far displaced horizontally, sometimes by several hundreds of
meters, from the dive initiation location (Davis et al., 2007). The combined depth and horizontal

displacement likely obscures any odor signals that may be given off by the elephant seal’s prey.

The inverse relationship between RelCP and diving depth and duration may also indicate
a structural constraint on CP size imposed by the stresses of diving. The adverse effects of
diving to depth are well cited in the literature. Two notable effects are 1) the potential
deformation of tissue surrounding compressed gas-filled cavities and 2) the risk of increased
nitrogen diffusion into the blood stream as gas tensions rise (Kooyman and Ponganis, 1998).

Adaptations to these challenges are many and varied. First, under ambient pressure during a
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descent, lung bronchioles and alveoli collapse, shunting the air from the lungs into reinforced
bronchi and trachea thereby avoiding gas exchange (Scholander, 1940). Additionally, they have
evolved skulls with fewer, smaller air-filled chambers as well as mechanisms for reducing the
volume of empty skull cavities under diving pressures. For example, the middle ear and external
auditory meatus of in the pinniped are partially lined in modified respiratory tissue with a basal
layer of cavernous venous tissues that are postulated to swell with venous blood in response to
increasing hydrostatic pressure, thereby reducing the volume of necessary air cavities,
equilibrating pressure and avoiding damage to the tympanic membrane (Odend’hal and Poulter,
1966, Repenning, 1972). The elephant seal displays an additional reduction of air spaces in the

ear with pronounced narrowing of the external auditory meatus (Kastak and Schusterman, 1999).

How might the adaptive reduction of compressible airways in the skull, and particularly
the nasal cavity, of aquatic carnivorans constrain olfactory morphology? First, pinnipeds and the
sea otter lack pneumatized frontal sinuses (Curtis et al., 2015). In terrestrial carnivorans,
ethmoturbinals extend from the nasal cavity into the frontal sinuses (Negus, 1958) (Fig. 3-17a).
Without the doming of the skull afforded by large frontal sinuses, the space available for
ethmoturbinals and the CP in pinnipeds and the sea otter is limited dorsally (Fig. 3-17¢). A
survey of snout lengths in our sample reveals that the aquatic carnivorans have significantly
shorter snouts than terrestrials, further reducing the nasal air space, and perhaps constraining
available anterior space for ethmoturbinals as well (Tukey, P = 0.006). Two clear exceptions to
this are the California sea lion (Zalophus californianus) and the leopard seal (Hydrurga
leptonyx), each of which has ethmoturbinals that extend from the CP into a relatively long
anterior nasal cavity, as well as a large RelCP, compared with species within their respective

otariid and phocid clades (Fig. 3-8). Additionally, the posterior nasal cavity, squeezed between
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large orbits, is relatively narrow in aquatic carnivorans (Berta et al., 2015), further limiting space
for ethmoturbinals laterally as well as ventrally (Fig. 3-18a top and center rows). Finally, it has
been postulated the volume of skull cavities in a diving mammal can be reduced by the
engorging of cavernous tissue by venous blood (Repenning, 1972). In the anterior nasal cavity,
respiratory tissue lining the turbinals and nasal septum contains a basal lamina propria that
includes a rich network of distensible venous sinuses that can dilate and expand into the
surrounding air spaces (Negus, 1958; Folkow et al., 1988). Unlike the respiratory tissue,
however, the lamina propria below the olfactory epithelium lining the ethmoturbinals lacks the
cavernous tissue and cannot expand to fill the air spaces (Craven et al., 2009). It may therefore
be adaptively advantageous for deep diving mammals to have a relatively small cavity for the
ethmoturbinals. Because the surface area of ethmoturbinals and CP are tightly correlated (Bird
et al., 2014), we expect any structural constraints on ethmoturbinal development to be reflected

in smaller CPs as well.

The effects of diving on nasal anatomy appear to be understudied. Our results linking CP
morphology to diving behavior point to a need for future work investigating specific selective
pressures of diving that may have driven the morphological and functional changes to the
olfactory system of marine carnivorans. A first step would be the expansion of our sample of
species to include other ecological exceptions and extremes, such as the unusually deep diving
otariid, the New Zealand sea lion (Phocarctos hookeri), and additional shallow phocids, such as
the crabeater seal (Lobodon carcinophagus). Second, our phylogenetic comparative methods
need to be expanded to test our aquatic-specific data against multiple Arctoidea trees, as there is
no single consensus on the relationships within Pinnipedia. Morphological analysis places the

Odobenidae as sister clade to Phocidae (Demeré¢ et. al., 2003). Multiple molecular analyses
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group Odobenidae with Otariidae but differ to some degree in their groupings within Phocidae,
so additional trees could be considered when accounting for phylogeny. Additionally, the
question of whether diving pressures have imposed adaptive structural constraints on the
ethmoturbinal anatomy and its surrounding cavity could be explored with Finite Element
Analysis (FEA). For example, the effects of deep diving on empty cranial cavities,
ethmoturbinal bone and the CP itself might be simulated with FEA by applying appropriate
compressive forces and assigning variable material properties to the 3D skull models. With
advances in portable CT scanning, it might be possible to test the effects of static pressure on
posterior nasal cavity volume using fresh heads and a small custom hyperbaric chamber.
Furthermore, controlled behavioral experiments are needed to address the relative importance of
surface odor cues to foraging aquatic animals. Working with captive animals, it should be
possible to apply odorants such as DMS, fish oil, squid and bivalve rinses, as well as neutral
rinses as controls, on the water’s surface to test if and how animals alter their diving patterns in

relationship to surface odor cues.

Convergent evolution is well illustrated in the many secondary invasions of the sea and
the gradual transition from terrestrial to aquatic life that follow. Aquatic carnivorans are a
particularly interesting group to study because they occupy an intermediate position in the
transition from fully terrestrial to obligate aquatic animals and their morphology carries the
obvious signature of the new selective pressures presented by amphibious life. Instead of the
acquisition of novel aquatic adaptations, our study focused on a single loss. Our results reveal a
waning importance of the sense of smell in aquatic carnivorans as reflected in reduced cribriform

plate morphology. By studying cribriform plate morphology in fossil skulls, it will be possible
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to work backwards in deep time and witness the gradual loss of olfactory anatomy in extinct and

ancestral aquatic carnivorans.

Ringed seal (Phoca hispida) Polar bear (Ursus maritimus)

Figure 3-1. Cribriform plate (CP) in two arctoid carnivoran species. 3D models of CP
bone constructed with Mimics imaging software. Left, the aquatic ringed seal (Phoca
hispida) in posterior aspect as viewed from the brain case. Right, polar bear (Ursus
maritimus) in oblique posterior aspect. Because the CP is spherical, the left half is removed
for better visualization of the CP foramina.
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The Arctoid Carnivorans
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- Northern fur seal (Callorhinus ursinus)
South American sea lion (Otaria byronia)
Cape fur seal (Arctocephalus pusillus)
Galapagos fur seal (Arctocephalus )
Steller sea lion (Eumatopias jubatus)
—— California sea lion (Zalophus californicus)
Bearded seal (Erignathus barbatus)
Harbor seal (Phoca vitulina)

Ringed seal (Phoca hispida)

| Baikal seal (Phoca sibirica)

Tropical monk seal (Monachus tropicalis)
Elephant seal (Mirounga angustirostris)
Leopard seal (Hydrurga leptonyx)
Weddell seal (Leptonychotes weddellii)
Skunk (Mephitis mephitis)

Raccoon (Procyon lotor)

Kinkajou (Potos flavus)

American badger (Taxidea taxus)
Wolverine (Gulo gulo)

Mink (Neovison vison)
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N. Amer. river otter (Lontra canadensis)
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Figure 3-2. Estimated phylogenetic relationships of the sample species. Estimated

tree compiled from molecular phylogenies (Koepfli et al., 2008; Meredith et al, 2011, Slater
etal,, 2012).
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Figure 3-3. Constructing 3D skull models. Top: Sagittal section of a CT scan of a female
Northern elephant seal (Mirounga angustirostris) skull. Individual morphological features
are segmented. Bottom: volumetric renderings of skull features. Red: CP. Green: olfactory-
related ethmoturbinals. Blue: respiratory maxilloturbinals. Scale bar: 50 mm.
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Cribriform plate surface area (log,)

15 2.0 2.5 3.0

Cross-sectional area of CP foramina (log,)

Figure 3-4. Cribriform plate (CP) metrics. Regression of CP surface area (mm) vs. total
CP foramina area (mm) for all sample species (n = 28). Correlation: r2 = 0.91, P < 0.001).
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Figure 3-5. Logio/Log1o plot of CP surface area vs orbit to occipital length (OOL) for
arctoids from all habitats. Residuals from regression constitute relative CP size (RelCP)

within the arctoids. All shades of blue: aquatics. Dark

blue: Phocidae; Pale blue:

Odobenidae; Turquoise: Otariidae; Royal blue: Mustelidae. Red: semi-aquatics. Green:

terrestrials.
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Figure 3-6. Logio/Log10 plot of CP surface area vs OOL with regression lines per
habitat. Green dashed line: least-squares regression line for terrestrials (n = 10). Blue line:
least-squares regression line for aquatics (n = 16). Semi-aquatics were too few for a best-fit

line.
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Figure 3-7. Boxplot of RelCP by habitat among arctoid species. Residuals from
regression of logio CP surface area on logio OOL are compared between habitat groupings,
terrestrial, semi-aquatic and aquatic. Open circles: mean RelCP value per species.
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Figure 3-8. Logio/Log10 plot of CP surface area vs OOL within aquatics. Residuals from
regression constitute the relative CP size (RelCP) for aquatics that are used in subsequent

analyses.
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within aquatics. Phocidae (dark blue) species have on average significantly smaller RelCP
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Figure 3-10. RelCP vs mean dive depth among all aquatics (og10)- (r? = 0.67, P < 0.0001;
PGLSr2=0.29, P=0.03).
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Figure 3-12. RelCP vs maximum dive duration (0g10) among all aquatics. (r?=0.56,P =
0.0009; PGLSr2=0.17, P = NS).
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Figure 3-13. RelCP vs maximum dive duration (0g10) within phocids. (r2=0.67,P =

0.0013; PGLSr2=0.6, P=0.02).
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Figure 3-16. CP morphology in shallow and deep diving phocids. CP (red) in phocid
skull models viewed dorsally. Above: the leopard seal (Hydrurga leptonyx), a relatively
shallow diver; below: Female northern elephant seal (Mirounga angustirostris), a deep
diver. Scale bar: 50 mm.
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Figure 3-17. Dorsal constraint on ethmoturbinals in aquatic carnivorans. Column a.:
Polar bear (Ursus maritimus). Top: sagittal section of CT scan. Frontal sinus (blue arrow) is
present in terrestrial carnivorans. Ethmoturbinals (green) extend from CP (red) into
sinuses (yellow arrow). Column b.: Leopard seal (Hydrurga leptonyx). Top: sagittal section
of CT scan. Sinuses are absent in aquatic species and ethmoturbinals are absent dorsal to
the CP.
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Figure 3.18. Structural constraints on ethmoturbinals in aquatics. Column a, Female
northern elephant seal (Mirounga angustirostris). Column b, Polar bear (Ursus maritimus).
Top: CT scan sectioned along horizontal axis (red line in center and bottom rows).
Elephant seal’s nasal cavity is laterally constricted between large orbits anterior to the CP
(red) and contains few ethmoturbinals (green) in contrast to the polar bear’s nasal cavity at
this juncture. Center: Sagittal sections of CT scans are oriented relative to skull models
below. Elephant seal ethmoturbinals are reduced ventral and anterior to CP compared
with the polar bear due to the narrow interorbital space.
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Table 3-1. Morphological and ecological parameters for sample species. CP, cribriform
plate; OOL, orbit to occipital length; RelCP, relative cribriform plate size; Max., maximum.

cp OOL Max. Mean  Max. Mean
surface species RelCP RelCP  RelCP  dive dive dive dive Sources
area; species mean (all  (aquatics (phocids depth depth duration duration of
Family Species Common name mean (mm®) (mm) species) only) only) (m) (m) (min) (min) diving data
Phocidae
Erignathus barbatus Bearded seal 402.875 14729 -0.1331  0.0223  0.1006 288 17.2 18.7 2 Krafft et al., 2000
Hydrurga leptonyx Leopard seal 982.855 264.06 -0.0462  0.0342 0.1180 4245 44 9.35 2 Kuhn et al., 2006
Shreer & Testa, 1996;
Shreer & Kovacs,
Leptonychotes weddellii Weddell seal 548.55 2145 -0.1925 -0.0854 -0.0036 726 212 78 15.9 1997
LeBoeuf et al., 1988;
Northern elephant Delong & Stewart,
Mirounga angustirostris seal 519.807 267.22 -0.3289 -0.2501 -0.1662 1529  504.2 77 22.5 1991
Tropical monk Delong et al., 1984;
Monachus tropicalis seal 458.943  178.74 -0.1761  -0.0456 0.0345 500 41 20 8 Parrish et al., 2000
Stewart et al., 1996;
Ponganis et al., 1997,
Phoca sibirica Baikal seal 187.99 109.44 -0.3114 -0.1177 -0.0423 300 68.9 40 4.8 Watanabe et al., 2004
Phoca vitulina Harbor seal 327.66 140.383 -0.1982  -0.0365 0.0412 508  148.7 28 3.2 Hastings et al., 2001
Teilman et al., 1999;
Gjertz et al., 2000;
Pusa hispida Ringed seal 205.821 124.06 -0.3365 -0.1590 -0.0824 360 145.6 39 5.1 Born et al., 2004
Otariidae
Kooyman &
Arctocephalus galapagoensis Galapagos fur seal 5244 152.22 -0.0356 0.1156 NA 186 373 6 3.4 Trillmich, 1986
Kooyman & Gentry,
1976; Arnould &
Arctocephalus pusillus Cape fur seal 50592 17292 -0.1168  0.0180 NA 204 58.2 8 2.9 Hindell, 2001
Ponganis et al.,
1992; Sterling &
Callorhinus ursinus Northern fur seal 432.40 146.79 -0.1007 0.0552 NA 256 17.5 9.92 1.24 Ream, 2004
Eumatopias jubatus Steller sea lion 1235.81 268.6 0.0445  0.1226 NA 328 18.2 14 1.1 Loughlin et al., 2003
Werner &
South American Campangna, 1995;
Otaria byronia sea lion 571.405  199.96 -0.1387 -0.0225 NA 243 253 7.7 1.9 Thompson et al., 1998
Zalophus californianus California sea lion 785.420 190.14 0.0254  0.1480 NA 544 322 20.1 1.9 Costa, et al., 2007
Odobenidae
Fay, 1982; Gjertz et
Odobedus rosmarus Walrus 1018.146  258.82 -0.0206 0.0624 NA 102 22.5 24 6 al., 2001
Mustelidae
Bodkin et al., 2004;
Enhydra lutris Sea otter 342.08 110.11 -0.0545  0.1384 NA 100 18.9 4 1.4 Yeates et al., 2007
Gulo gulo Wolverine 851.74 102.191 0.3801 NA NA NA NA NA NA NA
North American
Lontra canadensis river otter 252.03 88.1904 -0.073 NA NA NA NA NA NA NA
Mustela frenata Long-tailed weasel 59.96  35.045 -0.2217 NA NA NA NA NA NA NA
Neovison vison American mink 125.09 59.96 -0.1787 NA NA NA NA NA NA NA
Taxidea taxus American badger 601.39 82.15 0.3412 NA NA NA NA NA NA NA
Procyonidae NA NA NA NA NA NA NA
Potos flavus Kinkajoo 248.69 65.6583 0.0730 NA NA NA NA NA NA NA
Procyon lotor Raccoon 382.54 76.7354 0.1798 NA NA NA NA NA NA NA
Mephitidae NA NA NA NA NA NA NA
Mephitis mephitis Striped skunk 307.00 5327 0.2721 NA NA NA NA NA NA NA
Ursidae
Ailuropoda melanoleuca Giant panda 741.58 170.52  0.0565 NA NA NA NA NA NA NA
Ursus americanus Black bear 1721.6075 168377 0.4288 NA NA NA NA NA NA NA
Ursus arctos Grizzly bear 225022 212.528 0.42525 NA NA NA NA NA NA NA
Ursus maritimus Polar bear 2925.7249 259.514 0.43649 NA NA NA NA NA NA NA

104



Table 3-2. Summary statistics. Results from generalized least squares regressions (GLS),

phylogenetic least squares regressions (PGLS), ANOVA and Tukey HSD post hoc tests
performed on morphological, habitat and diving parameters. CP, cribriform plate; RelCP,
relative cribriform plate; OOL, orbit to occipital length

Regression n r Pvalue Slope PGLS r’ P value
CP metrics
CP surface area (log,,) vs CP foramina
cross-sectional area (log,,), all species 28 0.91 <0.0001 1.04
CP vs body size proxy OOL
CP surface area (log,,) vs OOL (log,,)
in all species 28 0.58 <0.0001 1.18
CP surface area (log,,) vs OOL (log )
in aquatic species only 16 0.76 <0.0001 1.48
CP surface area (log,,) vs OOL (log o)
in terrestrial species only 10 0.9 <0.0001 1.71
Maximum diving depth
RelCP vs Max Depth (log); all
aquatics 16 0.39 0.01 <0.1 NS
RelCP vs Max Depth (log);
phocids only 8 0.34 0.13 0.11 NS
Mean diving depth
RelCP vs Mean Depth (log,);
all aquatics 16 0.67 <0.0001 0.29 0.03
RelCP vs Mean Depth (log,);
phocids only 8 0.64 0.016 0.37 NS
Maximum diving duration
RelCP vs Max Duration (log,,); all
aquatics 16 0.56 0.0009 0.17 NS
RelCP vs Max Duration (log),);
phocids only 8 0.67 0.013 0.6 0.02
Mean diving duration
RelCP vs Mean Duration (log,); all
aquatics 16 0.58 0.0006 0.42 0.006
RelCP vs Mean Duration (log);
phocids only 8 0.59 0.027 0.67 0.012
Tukey HSD
post-hoc test Phylogenetic
Pair-wise ANOVA n P value ANOVA
Phylogeny and RelCP
RelCP, Phocids vs Otariids 14 0.033
RelCP, Phocids vs Otariids and
Odobenid 15 0.009
Habitat and RelCP
RelCP, Aquatics vs Terrestrials 26 <0.0001 <0.0001
RelCP, Aquatics vs Semi-aquatics 18 0.99 0.33
RelCP, Terrestrials vs Semi-aquatics 12 0.019 0.26
Habitat and snout length
Snount length, Aquatics vs Terrestrials 23 0.006
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Table 3-3. Specimen sources and morphological data. OOL, orbit to occipital length; CP,
cribriform plate surface area; F, female; M, male; U, unknown sex. Museums and collections: H,
Illinois State Museum; IZCA, Institute of Zoology of the Chinese Academy of Sciences; LACM,
Museum of Natural History Los Angeles; MFWP, Montana Fish, Wildlife and Parks; MVZ,
Museum of Vertebrate Zoology; SO, Southwest Fisheries: UCLA, Donald R. Dickey Collection,
USNM, United States National Museum.

OOL

Species Sex ID number (mm) CP (mm?) Habitat
Mephitis mephitis M USNMI147553 56.49  334.6465 Terrestrial
Mephitis mephitis F  UCLAJXS001 50.0481 279.3483 Terrestrial
Enhydra lutris M S02951 113.93 363.128 Aquatic
Enhydra lutris F  S02853-97 106.29 321.03 Aquatic
Gulo gulo M USNM314885 103.6 889.5978 Terrestrial
Gulo gulo F USNMI157327 100.7816 813.8828 Terrestrial
Lontra canadensis M UCLAI15275 87.1432 223.285 Semi-aquatic
Lontra canadensis F UCLA18958 89.2375 280.7714  Semi-aquatic
Mustela frenata M USNMS52702 38.54 70.4281 Terrestrial
Mustela frenata F  USNM95054 31.55 49.4953 Terrestrial
Neovison vison M UCLAS8488 59.96 125.0899  Semi-aquatic
Taxidea taxus M UCLA14841 78 558.6181 Terrestrial
Taxidea taxus F LACMA45012 86.3 644.1695 Terrestrial
Potos flavus M USNM291066 66.7551 268.5371 Terrestrial
Potos flavus F LACMO07241 64.5614  228.8372 Terrestrial
Procyon lotor M LACMS52261 75.5338 353.0767 Terrestrial
Procyon lotor F LACMO07241 77.937  412.0005 Terrestrial
Ailuropda melanoleuca U  1ZCAS6072 170.52 741.58 Terrestrial
Ursus americanus M USNM22070 178.74 2218.05 Terrestrial
Ursus americanus F  USNM211397 129.7902  1339.3636 Terrestrial
Ursus americanus M  MVZ162985 196.6 1607.409 Terrestrial
Ursus arctos M USNMS82003 237.1369 2964.92 Terrestrial
Ursus arctos F  USNMO98062 205.6464 2317.9226 Terrestrial
Ursus arctos U MFWPI113 194.8 1467.8174 Terrestrial
Ursus maritimus F  MVZ123991 232.1 2453.5782 Terrestrial
Ursus maritimus M HO001 51 266.7369  2800.1365 Terrestrial
Ursus maritimus U USNM275072 279.7043 3523.46 Terrestrial
Erignathus barbatus M LACMO072575 139.56 337.599 Aquatic
Erignathus barbatus F LACMO072576 155.01 468.15 Aquatic
Hydrurga leptonyx M  USNM270326 254.23 992.4106 Aquatic
Hydrurga leptonyx F  USNM269533 273.88 973.2998 Aquatic
Leptonychotes

weddellii F  MVZI127755 214.5 548.55 Aquatic
Mirounga F MVZ 184140 181.51 310.619 Aquatic
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angustirostris
Mirounga
angustirostris
Monachus tropicalis
Monachus tropicalis
Phoca sibirica

Phoca vitulina

Phoca vitulina

Phoca vitulina

Pusa hispida

Pusa hispida
Arctocephalus
galapagoensis
Arctocephalus pusillus
Arctocephalus pusillus
Callorhinus ursinus
Callorhinus ursinus
Eumetopias jubatus
Eumetopias jubatus
Otaria byroni

Otaria byroni
Zalophus californianus
Zalophus californianus
Zalophus californianus
Odobenus rosmarus

mZmZccmZL

MMM L

LACMO054394
USNM100358
USNM102527
LACMS52337
UCLA1408
LACMO095963
LACM31462
LACMS54781
LACM22949

LACMO031309
LACMO052358
LACMO052359
LACMO052343
LACMO054630
LACMO052314
LACMO052316
LACMO095756
LACMO095771
UCLA252
LACM95730
UCLAI1118
UCLA2471
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352.92
187.09
170.38
109.44

156.9
125.21
139.04
132.37
115.75

152.22
190.35
155.49
144.56
149.01
295.39
241.81
237.95
161.96

2143
155.72
200.39
258.82

728.995
510.8872
406.998
187.99
339.304
294.997
348.67
216.291
195.35

5244
614.918
396.923

453.18
411.629
1475.2
996.411
681.189
461.62
868.2482
599.4903
888.52
1018.146

Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic

Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
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