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Transitions to and from aquatic life involve transformations in sensory sys-
tems. The Ross seal, Ommatophoca rossii, offers the chance to investigate
the cranio-sensory anatomy in the most aquatic of all seals. The use of
non-invasive computed tomography on specimens of this rare animal
reveals, relative to other species of phocids, a reduction in the diameters
of the semicircular canals and the parafloccular volume. These features are
independent of size effects. These transformations parallel those recorded
in cetaceans, but these do not extend to other morphological features such
as the reduction in eye muscles and the length of the neck, emphasizing
the independence of some traits in convergent evolution to aquatic life.

1. Background

A glimpse of a Ross seal (Ommatophoca rossii) on an ice floe in the Antarctic
summer, with its short flippers and thick neck, is vaguely whale-like, hinting
at the eight months of the year it spends exclusively at sea [1,2]. Spending
months at sea distinguishes this animal from the other three earless Lobodon-
tini seals: the crabeater seal, leopard seal and Weddell seal. Ross seals leave the
water for only two weeks to give birth and moult and have unarguable external
specializations for their extreme aquatic lifestyle [3]. Until now, scarce sampling
of these rare animals has inhibited further exploration of their internal anatom-
ical specializations [3]. As species specialize for aquatic habitats, their sensory
organs undergo major transitions, recorded for other carnivoran mammals
besides the Ross seal [4]. Comparisons with groups that independently invaded
marine environments, such as cetaceans (whales and dolphins) [5], provide
insights on evolutionary convergences, even at the genomic level [6].
Specializations for aquatic habitats are reflected in vestibular anatomy, a
complex area of the head that can be studied using virtual endocasts. Such
endocranial volumes approximate the soft tissue morphology (e.g. ducts,
vessels and nerves), and thus provide information useful to reconstruct sensory
ecology, locomotion, behaviour and phylogeny [7,8]. Although the function of
changes in the vestibular system—concerned with balance, orientation and
motion sensation—in aquatic vertebrates are debated [9], reductions in marine
vertebrates” semicircular canals have been associated with increased time in
the water but not with axial body rotations [10]. The canals of the bony labyr-
inth of aquatic taxa are recorded to be shorter dorsoventrally and more elongate
rostro-caudally than in terrestrial relatives [11]. Smaller semicircular canals may
be related to reduced neck lengths [9]. Furthermore, the volume of the dorsal
paraflocculus, a lobe of the cerebellum associated with the vestibular system,
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Figure 1. Virtual reconstruction of the right inner ear of the Ross seal, Ommatophoca rossii MACN 48.259 in isolation and within the petrosal bone: (a) anterior, (b) lateral,
and (c) ventral view, and with the paraflocculus in (d) dorsal, and (e) medial views. Aa: anterior ampulla; AqV: vestibular aqueduct; ASC: anterior semicircular canal; Bu:
subarcuate fossa housing the dorsal lobe of the paraflocculus; Cc: commune crus; Cu: cupula; Co: cochlear canal; ArE: arched eminence; FV: vestibular fenestra; IAM: internal
acoustic meatus; La: lateral ampulla; LSC: lateral semicircular canal; RP: Ross prominence; Pa: petrosal apex; Pr: promontorium; PSC: posterior semicircular canal.

is also reduced given its relation to agility and coordination of
movements using vision and balance [12,13].

2. Methods

Alist of museum sources and accession numbers of specimens exam-
ined is provided in the electronic supplementary material. A total of
68 petrosal bones from six species of phocids were investigated. All
four members of the Lobodontini were sampled: two specimens of
the Ross seal (an adult female MACN 48.259 and a newborn
MACN 48.260), seven leopard seals (Hydrurga leptonyx), 11 Weddell
seals (Leptonychotes weddellii) and 15 crabeater seals (Lobodon carcino-
phagus). The extant phylogenetic bracket is represented by 30
elephant seals (Mirounga leonina), one harbour seal (Phoca vitulina),
one walrus (Odobenus rosmarus), one South American sea lion
(Otaria byronia; Otariidae), a Tibetan wolf (Canis lupus filchneri), a
hyena (Crocuta crocuta), and a sea otter (Enhydra lutris) (electronic
supplementary material). We compiled body length data from the
literature [14]. Statistics and graphs were generated using R [15].
We reconstructed the bony labyrinth and the petrosal in three-
dimensional CT scans using VGStudio MAX v. 2.2, Mimics v. 10.1
and Avizo v. 6.2 (figure 1; electronic supplementary material).

We measured the volume of the subarcuate fossae, which
houses the dorsal cerebellar paraflocculus, also called the dorsal
portion of the petrosal lobe. Histological preparations confirmed
the correspondence of the two structures (electronic supplemen-
tary material). The three-dimensional models are available at
(http://morphomuseum.com/).

3. Results

The Lobodontini, in order of largest to smallest arc radius of
the loops of the semicircular canals and common crus, are

leopard seals, crabeater seals, Weddell seals and Ross seals.
The maximum diameter of each of the three semicircular
canals and the length of the common crus of the Ross seal
are significantly shorter than in other Phocidae (Welch t-test
Ross seal = 0.7003617, other seals = 1.03011095, t = —6.9386,
d.f. = 6.5762, p = 0.0002965; graph 1 in electronic supplemen-
tary material). Elephant seals exhibit less reduction of the
semicircular canals versus the Lobodontini. In all Phocidae
the horizontal canal is consistently the shortest and the
anterior canal the longest.

A comparison of the Ross seal with other phocids also
reveals reduced parafloccular volume with a simpler shape
(figure 2). This difference persists after correction for body
mass; a linear regression of the ratio of the parafloccular
volume to the natural log average mass for the species still
results in significant differences (t-test p = 0.03073; electronic
supplementary material). The paraflocculi of the other
Lobodontini, besides being larger, have several individual
digitiform projections extending around the horizontal semi-
circular canal, absent in the Ross seal (figure 2). The endocast
of the subarcuate fossa of the Ross seal clearly exhibits less
surface rugosity as well as greater simplicity and roundness.

The Ross seal has a double internal acoustic foramen,
common to all phocids. The cochlea has two and a half turns,
similar to the other Lobodontini, but it ends in a poorly demar-
cated cupula (figure 1). Additionally, Lobodontini and phocids
have fewer cochlear turns than mustelids [17].

The Ross seal shares features characteristic of Cetacea that
are absent in other lobodontines: a reduced parafloccular
volume and lack of surface projections. Both also share a sec-
ondary basal lamina on the first turn of cochlea [18,19] that is
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Figure 2. Three-dimensional models of relative labyrinth and parafloccular volume among the Antarctic true seals (Lobodontini) in the context of the phylogenetic
relationships among pinniped carnivorans [16]. Photographs by C. M. Loza, drawing of the Ross seal by A. E. Latimer.

antero-ventral to the rest of the labyrinth, and is separated
from the rest of the coil. An extremely thick squamosal portion
of the temporal bone is present in Ross seals and cetaceans [3].
Likewise is a thickening of the anterior half of the petrosal
which develops a rostral projection, a reduced arcuate emi-
nence (probably due to the small size of the anterior
semicircular canal), and an expanded medial side, as in
some cetaceans [8]; see also electronic supplementary material.
In the Ross seal the vestibular fenestra is visible on the lateral
face of the vestibule, and the vestibule is smaller and more
globular than in other species of phocids. Further anatomical
comparisons are in the electronic supplementary material.

4. Discussion

The exceptionally aquatic lifestyle of the Ross seal among car-
nivoran mammals is reflected in anatomical specializations

that are hypothesized to be related to sensory function and
which in some cases are similar to those recorded in
whales. The semicircular canals of the Ross seal exhibit an
extreme size reduction among phocids, as recorded also for
cetaceans within Cetartiodactyla. This similarity does not
extend to all other aspects of inner ear anatomy and
correlated anatomical features.

Neck mobility and neck length have been proposed to
affect the morphology of semicircular canals. Reduced ver-
tebral mobility restricts the degrees of freedom of the neck,
and the semicircular canals reduce in size accordingly [9].
In pinnipeds, otarids have thinner canals and longer necks
than phocids [20,21] and exhibit more neck mobility both
during swimming and while moving on land [21]. However,
among phocids including the Ross seal, correlation between
the parallel reduction of the semicircular canals and neck
length is not straightforward (electronic supplementary
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material), and neck mobility may play a larger role. Among
phocids, leopard seals have the longest neck and practice
wide three-dimensional movements of the head, the fastest
and most precise of which are related to prey capture
[21-23]. Its large semicircular canals contrast with the
reduction in the Ross seal.

Lobodontini have thick semicircular canals and ducts, as
is characteristic of seals, but different from other aquatic
mammals, e.g. sea lions, with thinner canals [20]. The semi-
circular canals in the Ross seal are smaller in radius than in
other phocids, but larger than canals in cetaceans.

The Ross seal has a proportionally reduced paraflocculus
with respect to other phocids; the simplicity of the parafloccu-
lus and the semicircular canal may be coupled functionally, as
is hypothesized for cetaceans. Not all the features of the Ross
seal are consistent with whale anatomy. Reduced semicircular
canals in cetaceans have been linked with a reduced need for
the vestibulo-ocular reflex with reduction of extra-ocular
muscles [24,25]. Ross seals, in contrast, have well developed
ocular musculature and large eyes, and likely rely on vision
for prey capture. The mechanism for the reduced

References

1. Blix AS, Nordoy ES. 2007 Ross seal (Ommatophoca rossii) ~ 10.
annual distribution, diving behaviour, breeding and
moulting, off Queen Maud Land, Antarctica. Polar Biol.
30, 1449—1458. (doi:10.1007/500300-007-0306-y) 1.
2. Arcalis-Planas A, Sveegaard S, Karlsson 0, Harding
KC, Wahlin A, Harkonen T, Teilmann J. 2015 Limited
use of sea ice by the Ross seal (Ommatophoca

Kandel BM, Hullar TE. 2010 The relationship of head
movements to semicircular canal size in cetaceans.

J. Exp. Biol. 213, 1175—1181. (doi:10.1242/jeb.040105)

Georgi JA, Sipla JS. 2008 Comparative and 19.
functional anatomy of balance in aquatic reptiles

and birds. Sens. Evol. Threshold Adapt. Second.

Aquat. Vertebr. 28, 233—256.

paraflocculus and semicircular canals therefore cannot be
coupled solely on the musculature of the eyes.

Ethics. No special permission was needed to use the existing collections
of skulls and histological materials in the museums visited, other than
the agreement of the curators listed in the Acknowledgements.

Data accessibility. All specimens studied are in existing osteological and
anatomical collections of universities. Data can be accessed at: http://
morphomuseum.com/

Authors” contributions. All authors conceived the study, conducted ana-
lyses, contributed to interpretation of the data and preparation of
the manuscript, approved the final version of the manuscript and
agree to be held accountable for the content therein.

Competing interests. We declare we have no competing interests.
Funding. Project funded by UNLP-N-724 to A.A.C.

Acknowledgements. We thank the curators I. Olivares and D. Verzi
(MLP); D. Flores and S. Lucero (MACN); M. Haffner (UZH);
M. Jardim (MCN); E. Crespo and N. Garcia (CENPAT); and Dr
J. Negrete (IAA): the technicians at CIMED La Plata for their assist-
ance during CT scanning; T. Bonnet; J. Maisano (Digimorph.org),
and T. Rowe’s NSF Digital Libraries Grant for the Odobenus scan;
C. Zollikofer, A. Schweizer, A. Wegmann (UZH) and T. Schmelzle
for technical help and two anonymous reviewers and the editor for
constructive suggestions.

of hearing in Odontocetes. J. Vertebr. Paleontol.
15, 431-442. (doi:10.1080/02724634.1995.
10011239)

Geisler JH, Luo ZX. 1996 The petrosal and inner ear
of Herpetocetus sp. (Mammalia: Cetacea) and their
implications for the phylogeny and hearing of
archaic mysticetes. J. Paleontol. 70, 1045—1066.

rossii), in Amundsen Sea, Antarctica, using 12. Gannon PJ, Eden AR, Laitman JT. 1988 The (doi:10.1017/50022336000038749)

telemetry and remote sensing data. Polar Biol. 38, subarcuate fossa and cerebellum of extant 20. Gray AA. 1907 The labyrinth of animals: including
445-461. (doi:10.1007/500300-014-1602-y) primates—comparative-study of a skull —brain mammals, birds, reptiles and amphibians. London,
King JE. 1969 Some aspects of the anatomy of the interface. Am. J. Phys. Anthropol. 77, 143—164. UK: J. & A. Churchill.

Ross seal, Ommatophoca rossi (Pinnipedia: (doi:10.1002/ajpa.1330770202) 21, Beentjes MP. 1990 Comparative terrestrial
Phocidae). Br. Antarct. Surv. Sci. Rep. 63, 1-50. 13. Jeffery N, Ryan TM, Spoor F. 2008 The primate locomotion of the Hooker's sea lion (Phocarctos
Berta A. 2012 Return to the sea: the life and subarcuate fossa and its relationship to the hookeri) and the New Zealand fur seal
evolutionary times of marine mammals. Berkeley, semicircular canals part Il: adult interspecific (Arctocephalus forsteri): evolutionary and ecological
CA: University of California Press. variation. J. Hum. Evol. 55, 326 —-339. (doi:10.1016/ implications. Zool. J. Linn. Soc. 98, 307 -325.
Thewissen JGM. 2014 The walking whales: from land jjhevol.2008.02.010) (doi:10.1111/].1096-3642.1990.th01204.x)

to water in eight million years. Berkeley, CA: 14. Food & Agriculture Orgainzation (FAO). 1979 22. Rogers T, Bryden MM. 1995 Predation of Adélie
University of California Press. Pinniped species summaries and report on sirenians. penguins (Pygoscelis adeliae) by leopard seals
Zhou X, Seim |, Gladyshev VN. 2015 Convergent In Mammals in the seas, vol. Il, pp. 120—124. (Hydrurga leptonyx) in Prydz Bay, Antarctica.
evolution of marine mammals is associated with Rome, Italy: Food and Agriculture Organization of Can. J. Zool. Can. Zool. 73, 1001-1004. (doi:10.
distinct substitutions in common genes. Sci. Rep. 5, the United Nations. 1139/295-119)

16550. (doi:10.1038/srep16550) 15. R core team. 2014 R: a language and environment ~ 23. Laws RM. 1984 A decade of research on Antarctic
Ekdale EG. 2016 Form and function of the for statistical computing. Vienna, Austria: R and sub-Antarctic seals—introduction to the
mammalian inner ear. J. Anat. 228, 324-337. Foundation for Statistical Computing. colloquium. S. Afr. J. Sci. 80, 25-26.
(doi:10.1111/joa.12308) 16.  Arnason U, Gullberg A, Janke A, Kullberg M, 24. Pilleri G, Wandeler A. 1964 Ontogenese Und
O’Leary MA. 2010 An anatomical and phylogenetic Lehman N, Petrov EA, Vinla. 2006 Pinniped Funktionelle Morphologie Des Auges Des Finnwals
study of the osteology of the petrosal of extant and phylogeny and a new hypothesis for their origin Balaenaptera physalus Linnaeus (Cetacea Mysticeti
extinct Artiodactylans (Mammalia) and relatives. and dispersal. Mol. Phylogenet. Evol. 41, 345—354. Balaenopteridae). Acta Anat. 57, 3(Suppl. 50).
Bull. Am. Museum Nat. Hist. 335, 1-206. (doi:10. ~ 17. Grohe C, Tseng ZJ, Lebrun R, Boistel R, Flynn JJ. (doi:10.1159/000142567)

1206/335.1) 2016 Bony labyrinth shape variation in extant 25. Hosokawa H. 1951 On the extrinsic eye muscles
Spoor F, Bajpal S, Hussaim ST, Kumar K, Thewissen (anivora: a case study of Musteloidea. J. Anat. 228, of the whale, with special remarks upon the
JGM. 2002 Vestibular evidence for the evolution of 366—383. (doi:10.1111/joa.12421) innervation and function of the musculus

aquatic behaviour in early cetaceans. Nature 417, 18.  Luo ZX, Eastman ER. 1995 Petrosal and inner-ear of retractor bulbi. Sci. Rep. Whales Res. Inst. Tokyo

163—-166. (doi:10.1038/417163a)

a squalodontoid whale—implications for evolution

6, 1-33.

6870107 €L 127 ‘joig  baobuysijgndAranos|eor|qs H


http://morphomuseum.com/
http://morphomuseum.com/
http://morphomuseum.com/
http://dx.doi.org/10.1007/s00300-007-0306-y
http://dx.doi.org/10.1007/s00300-014-1602-y
http://dx.doi.org/10.1038/srep16550
http://dx.doi.org/10.1111/joa.12308
http://dx.doi.org/10.1206/335.1
http://dx.doi.org/10.1206/335.1
http://dx.doi.org/10.1038/417163a
http://dx.doi.org/10.1242/jeb.040105
http://dx.doi.org/10.1002/ajpa.1330770202
http://dx.doi.org/10.1016/j.jhevol.2008.02.010
http://dx.doi.org/10.1016/j.jhevol.2008.02.010
http://dx.doi.org/10.1111/joa.12421
http://dx.doi.org/10.1080/02724634.1995.10011239
http://dx.doi.org/10.1080/02724634.1995.10011239
http://dx.doi.org/10.1017/S0022336000038749
http://dx.doi.org/10.1111/j.1096-3642.1990.tb01204.x
http://dx.doi.org/10.1139/z95-119
http://dx.doi.org/10.1139/z95-119
http://dx.doi.org/10.1159/000142567
http://rsbl.royalsocietypublishing.org/

	Sensory anatomy of the most aquatic of carnivorans: the Antarctic Ross seal, and convergences with other mammals
	Background
	Methods
	Results
	Discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


