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Abstract

The vertebrate vestibular system is crucial for balance and navigation, and the evolution of its form and function in relation
to species’ lifestyle and mode of locomotion has been the focus of considerable recent study. Most research, however, has
concentrated on aboveground mammals, with much less published on subterranean fauna. Here, we explored variation in
anatomy and sensitivity of the semicircular canals among 91 mammal species, including both subterranean and non-subter-
ranean representatives. Quantitative phylogenetically informed analyses showed significant widening of the canals relative
to radius of curvature in subterranean species. A relative canal width above 0.166 indicates with 95% certainty that a species
is subterranean. Fluid—structure interaction modelling predicted that canal widening leads to a substantial increase in canal
sensitivity; a reasonably good estimation of the absolute sensitivity is possible based on the absolute internal canal width
alone. In addition, phylogenetic comparative modelling and functional landscape exploration revealed repeated independ-
ent evolution of increased relative canal width and anterior canal sensitivity associated with the transition to a subterranean
lifestyle, providing evidence of parallel adaptation. Our results suggest that living in dark, subterranean tunnels requires
good balance and/or navigation skills which may be facilitated by more sensitive semicircular canals.

Keywords Internal canal width - Functional landscape - Fluid—structure interaction model - Semicircular canal - Subarcuate
fossa

Introduction

The vestibular system of the vertebrate inner ear facilitates
orientation, gives rise to a sense of self-motion (Angelaki
and Cullen 2008), is crucial for balance (Cherng et al.
2001; Fitzpatrick and Day 2004), and plays an important
role in navigation through a sense of spatial awareness and
by providing input for path integration (Mittelstaedt 1999;
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Stackman and Herbert 2002; Yoder and Taube 2014). The
vestibular system does so by sensing head accelerations:
its three semicircular canals (SCCs; Fig. 1) perceive head
rotations, while its otolith organs are stimulated by head
translations (Angelaki and Cullen 2008; Yoder and Taube
2014). The vestibular system comprises tunnels within the
petrosal bone (the bony labyrinth) which are filled with peri-
lymphatic fluid. Using the terminology of Ekdale (2016),
we refer to the tunnels within the bone as ‘canals’ and the
membranous tubes within the canals, which contain endo-
lymphatic fluid, as ‘ducts’. Each of the slender canals widens
at one end into a chamber, the ampulla, where the sensory
organ is located. During head rotation, the endolymph fluid
lags behind the movement of the head (Rabbitt et al. 2004;
Angelaki and Cullen 2008). However, because the cupulae
seal the semicircular canals like diaphragms (McLaren and
Hillman 1979; Rabbitt et al. 2004, 2009), they push for-
ward the body of endolymph that runs from one side of the
ampulla, through the slender duct, common crus (in case
of the anterior and posterior canal), and utricle toward the
other side of the ampulla (Goyens and Aerts 2019; Jiang
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Fig. 1 Bony labyrinths of a H.
glaber (A) and M. musculus (B)
specimen. Anatomical measure-
ments are illustrated on A. D1
and D2, diameters of the annu-
lus formed by the SCC in two
perpendicular directions, shown
for the horizontal SCC; d,

internal canal width, shown for

the anterior SCC; AC, anterior
SCC; PC, posterior SCC; HC,
horizontal SCC; V, vestibule; a,
ampulla; ¢, common crus

et al. 2022). The resulting pressure difference on the cupula
deforms this flexible membrane, thereby deflecting the ste-
reocilia on the associated hair cells, ultimately giving rise
to an electrical signal (Rabbitt et al. 2004).

The sensitivity of the SCCs depends upon duct size and
shape (e.g. Gray 1907; Spoor et al. 2007; Billet et al. 2012;
Malinzak et al. 2012; Grohé et al. 2016; Pfaff et al. 2017). It
has long been recognised that the overall size of an animal’s
SCCs relates to its locomotion behaviour (Gray 1907). This
notion gained momentum from the influential investigation
by Spoor et al. (2007) of a large dataset of over 200 mam-
malian species, which showed that fast, agile animals have
larger SCCs (measured by the radius of curvature) relative
to their body mass than more cautiously moving animals. A
number of follow-up studies found additional correlations
between the shape of the SCCs and the locomotion style or
habitat of a particular species. For example, arboreal mar-
supials have wider canals than gliding or saltatorial ones
(Pfaff et al. 2017), otters and minks have more elliptical
anterior SCCs than non-aquatic musteloids (Grohé et al.
2016), and primates with faster head rotations have more
orthogonally oriented SCCs (Malinzak et al. 2012). Com-
parative analysis of the SCCs has even become a tool to infer
the locomotory behaviour of extinct animals and to assess
phylogenetic relationships (e.g. Bhagat et al. 2021; Urciu-
oli et al. 2021; Bronzati et al. 2021; Tambusso et al. 2021).
Many anatomical features of the SCCs that were found in
highly agile taxa (e.g. gliding, flying, or arboreal groups)
have been linked to the sensory requirements of their life-
styles. However, the vast majority of these studies focused
on the agility of animals living above the ground, and much
less is known about SCC adaptations to life underground.
This is remarkable, because living underground poses very
specific challenges that may also require highly sensitive
SCCs, irrespective of the animal’s level of agility. Living in
darkness, subterranean mammals cannot rely on vision for
balance or navigation. Thus, for these tasks, they presum-
ably rely more heavily on their other senses, such as the
vestibular senses (Lindenlaub et al. 1995; McVean 1999).
Efficient orientation is all the more important underground,
because the energy cost of burrowing greatly exceeds that
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of locomotion above the ground (Vleck 1979). Once burrow
systems are established, subterranean mammals have to ori-
ent themselves within what is in effect a three-dimensional
maze, moving not only in the horizontal plane but also in
the vertical dimension (Maddin and Sherratt 2014). Blind
mole rats (Spalax ehrenbergi) are capable of efficiently dig-
ging bypass tunnels to avoid obstacles (Kimchi and Terkel
2003), and there is anecdotal evidence that many other sub-
terranean species may be able to do so too (Jarvis and Sale
1971; Brett 1991; Kimchi and Terkel 2001, 2003; Kimchi
et al. 2004). Homing and tunnel obstacle experiments have
demonstrated the excellent spatial orientation capabilities
and the apparent use of cognitive maps in various subterra-
nean mammals, including moles and mole rats (Kimchi and
Terkel 2001). For example, Kimchi and colleagues inves-
tigated in detail the path integration (i.e. navigation based
not on landmarks, but on continuous processing of signals
generated during locomotion) of blind mole rats (Kimchi
et al. 2004). For short distances, blind mole rats rely on idi-
othetic (self-motion) signals, similar to other rodents, dogs
or humans when tested in darkness (Kimchi et al. 2004).
Vestibular information may be the primary source for path
integration, but path integration may also be informed by
proprioceptive signals. When covering longer distances,
however, blind mole rats rely on the Earth’s magnetic field,
which is likely to be because estimation errors accumulate
when using idiothetic information without an external, fixed,
reference point (Kimchi et al. 2004).

Other subterranean species may use specialised senses
other than the vestibular senses for navigation or orientation.
Namib desert golden moles Eremitalpa granti namibensis,
for example, appear to use enlarged middle ear ossicles to
detect seismic cues caused by light winds blowing over the
grass clumps containing their insect prey (Narins et al. 1997,
Mason and Narins 2002; Lewis et al. 2006), and naked mole
rats have arrays of vibrissa-like body hairs enabling highly
accurate head reorientation towards a mechanosensory
stimulus (Crish et al. 2003). Given that alternative sensory
modalities like these are available, it is possible to argue that
subterranean mammals may not necessarily require well-
developed vestibular senses. Subterranean mammals move
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through tunnel systems with very limited opportunities for
directional changes, so their movement repertoire is rather
simple (Lindenlaub et al. 1995; McVean 1999) and when it
is impossible to take shortcuts, path integration is not neces-
sary (Lindenlaub et al. 1995). Finally, visual cues are lack-
ing in darkness, obviating the need for the vestibulo-ocular
reflex to stabilise gaze (Maddin and Sherratt 2014; Capshaw
et al. 2019). If, indeed, a subterranean lifestyle reduces the
requirements on SCC sensitivity, this could have relaxed
selective pressures on SCC structure.

In summary, there are arguments both for and against the
need for elevated SCC sensitivity in subterranean mammals.
The comparative anatomical evidence that is currently avail-
able is inconclusive in this regard. The southern marsupial
mole (Notoryctes typhlops) has wider SCCs than non-sub-
terranean marsupials (Pfaff et al. 2017); bathyergid mole rats
were reported to have unusually wide SCCs (Mason et al.
2016); Cryptomys sp. and blind mole rats have SCCs that
are, relative to body mass, longer and have a wider internal
diameter and a larger radius of curvature than brown rats
(Rattus norvegicus) (Lindenlaub et al. 1995); the European
mole (Talpa europaea) also has (absolutely) longer and
wider SCCs than brown rats (McVean 1999); the greater
mole rat (Spalax microphthalmos) and the southern marsu-
pial mole have wider SCCs than aerial and arboreal members
of the squirrel-related clade, while the European mole has
not (Pfaff et al. 2015); and, finally, subterranean mammals
belonging to the Chrysochloridae, Talpidae, Tenrecidae, and
Marsupialia were not consistently found to have enlarged
semicircular canals compared with non-subterranean spe-
cies (Crumpton et al. 2015). Although a high internal diam-
eter of the SCCs (wide canals) is a recurring observation,
these reports typically lack phylogenetically informed sta-
tistics (Lindenlaub et al. 1995; McVean 1999; Crumpton
et al. 2015; Mason et al. 2016), and those studies that do
include evolutionary history in their analyses show a mod-
erate to strong phylogenetic signal (Pagel’s lambda close
to one; Pfaff et al. 2015, 2017). The studies that estimated
SCC sensitivity using simple equations found that Crypto-
mys sp. mole rats, blind mole rats (Lindenlaub et al. 1995)
and European moles (McVean 1999) have significantly more
sensitive SCCs than brown rats; that the European mole and
the southern marsupial mole have a low to average SCC
sensitivity compared to non-subterranean members of the
squirrel-related clade, and that the greater mole rat has a
rather high SCC sensitivity compared to other members of
the same group, but only for the posterior SCC (not for the
anterior SCC; Pfaff et al. 2015).

In this study, we test the hypothesis that the form and
function of SCCs evolved in parallel in distinct lineages
of subterranean mammals. To do so, we first compiled
SCC size and width measurements from a large number
of mammalian species with distinct lifestyles, including

subterranean and non-subterranean species. Next, the sen-
sitivities of SCCs of different widths were estimated using
fluid—structure interaction (FSI) modelling to assess how
morphological variation relates to functional variation.
Lastly, we used phylogenetic comparative methods to test
for parallel evolution in SCC form and sensitivity, in species
occupying similar ecological habitats.

Materials and methods
Ear morphology

We gathered a large dataset of SCC measurements by com-
bining data from the literature, measurements from newly
made pCT scans, and measurements from uCT scans that
were already available.

Own measurements

We obtained the heads of five naked mole rats (Heterocepha-
lus glaber; 4 males and 1 female) which had been euthanised
for the purposes of other studies. These naked mole rats were
4-40 months old (the vestibular system reaches its final size
in the early foetal stages; Costeur et al. 2017). Naked mole
rats were bred in-house and maintained in an interconnected
network of cages in a humidified (~55%) temperature-con-
trolled room (28 °C) with red lighting (08:00-16:00), and
had access to food ad libitum. In addition, a heat cable pro-
vided extra warmth under 2-3 cages/colony. Naked mole
rats were killed by CO, exposure followed by decapitation.
Experiments were conducted under the Animals (Scientific
Procedures) Act 1986 Amendment Regulations 2012 under
a Project Licence (P7TEBFC1B1) granted to E. St. J. Smith
by the Home Office and approved by the University of Cam-
bridge Animal Welfare Ethical Review Body. The basicra-
nium was dissected out and fixed in 4% neutrally buffered
formaldehyde (Sigma-Aldrich, St. Louis, USA). We stained
the samples in a 2.5% phosphotungstic acid solution in
water (PTA; Merck, Darmstadt, Germany) for three weeks,
in order to enhance the soft tissue contrast (Buytaert et al.
2014). After staining, each sample was rigidly mounted in a
sample holder using a 6% agar solution, and uCT scanned in
a Skyscan 1172 uCT scanner (Bruker, Kontich, Belgium) to
visualise the vestibular system. For a list of the scan param-
eters, see supplementary table S1.

In addition to the aforementioned five specimens, we
used CT scans of the ear regions of a further four adult
or near-adult naked mole rats from the same colony (aged
between 4 and 65 months old), which had been made as
part of a previous study (Mason et al. 2016). Heads of
three specimens from a different colony, stained with
iodine, had been obtained from Dr Phil Cox: one ear
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region from each of these mole rats were also scanned, as
was the ear region of one laboratory mouse (Mus muscu-
lus) and the whole head of a second mouse. Preservation
does not affect the size or shape of the bony labyrinth
(Buytaert et al. 2014). They were all scanned in a Nikon
XT H 225 scanner using similar settings (see supplemen-
tary table S1 for details).

All tomograms were segmented in the commercial 3D
image processing software Amira (v. 5.4.4; FEI, Hillsboro,
USA), using a combination of automatic thresholding
based on the grey-scale value of the pixels and manual
corrections in the three orthogonal views. Next, we con-
verted the segmentation into a 3D surface model of the
bony labyrinth, from which we measured the diameter
of the annulus created by each canal (D) and the inter-
nal width (diameter) of the canal (d) following a similar
measuring protocol to that proposed by Pfaff et al. (2015)
(Fig. 1). The diameter of the annulus was measured in
two directions: from the surface of the vestibule (for the
anterior and horizontal canal) or the common crus (for the
posterior canal) to the opposite (inner) wall of the bony
canal (D)), and from inner wall to inner wall in the per-
pendicular direction (D,; Fig. 1). We measured D, and D,
in three locations, approximately equally spaced within
the annulus (see Fig. 1), and used the maximal diameters
for further calculations. We measured the internal widths
of each canal at 25%, 50%, and 75% of the length of the
slender part of the canal (Fig. 1), and the average internal
width of the canal (d) was calculated.

Next, we calculated the radius of curvature (R; the dis-
tance from the centre of the annulus to the centre of the
canal) and the relative width of each canal:

1 (D,+D,
R==-——=+d),
> < S+ (m

. . d
lat 1 width = —.
relative canal wi R 2)

All measurements described above are based on the
bony labyrinth. The anatomy of the membranous labyrinth
is only rarely investigated in comparative studies of the
inner ear, presumably because it is extremely challeng-
ing to properly visualise its very thin walls (10-50 pum)
using puCT scanning (Goyens et al. 2019). Nevertheless,
the membranous labyrinth walls were clearly visible on
three of the scans that we made of H. glaber. Hence, we
segmented the membranous labyrinths on these scans in
the same way as we segmented the bony labyrinths. The
width of the membranous labyrinth (d,.) was on average
(£SD) 71% (£ 6.4%) of the width of the bony labyrinth
(d) for these three specimens. Because the proportional-
ity between the width of the bony and the membranous
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labyrinth is unknown for most of the other species consid-
ered here, we used this percentage to estimate the width of
the membranous labyrinth of all other specimens for the
sensitivity calculations.

Literature data

We searched the literature and online databases for measure-
ments of the bony labyrinths of subterranean mammals. We
also added the non-subterranean taxa that were included in
the same studies to our database; these were usually taxa that
were phylogenetically related to the subterranean species.
In this way, we collected morphological data on the bony
labyrinth of 100 individuals from 90 species, belonging to
85 mammal genera (22 families and 10 orders) (Table S2;
Lindenlaub and Oelschliger 1999; McVean 1999; Pfaff
et al. 2015, 2017; Crumpton et al. 2015; Mason et al. 2016;
Lihong et al. 2016) and Morphosource reference numbers
000114562 and 000081856). In total, this study contains
91 species, as our own measurements included one species
(Mus musculus) that was not present in the literature datasets
that we used. We noted minor discrepancies in measuring
protocols among studies: Lindenlaub and Oelschlédger (1999)
and McVean (1999) did not specify how they measured D,
and Mason et al. (2016) and Crumpton et al. (2015) used
a different definition of D (to the centre of the canal). We
recorded canal radius of curvature (R), internal canal width
(d), and canal type (anterior, posterior, horizontal). Data
were collected from between one and four individuals per
species. Species were categorised into one of two ecological
classes based on the habitat they use: (1) “subterranean” spe-
cies spend considerable parts of their lives within elaborate
tunnel systems, excluding species that use simple burrows
as refuges, and (2) “non-subterranean” species living above-
ground. The latter category was further subdivided into
“arboreal” species that live or spend substantial time in tree
canopies, “gliding” species that travel frequently through the
air, “terrestrial” species that mainly live on the ground, and
“semi-aquatic” species that spend part of their time on land
and part in water. The sex of the specimens was usually not
provided by the literature sources.

Sensitivity calculations

We used fluid—structure interaction (FSI) models to inves-
tigate the influence of the relative canal width and radius
of curvature on the absolute sensitivity of the SCCs, taken
to be proportional to the strain on the cupula (see below;
“Solid model” section). Compared to analytical models, FSI
modelling allows explicit modelling of the cupula, inclusion
of almost any membranous labyrinth anatomy, and check-
ing flow patterns and pressure distributions at any loca-
tion within the ducts (Goyens et al. 2019). The FSI model
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calculates the endolymph fluid flow in the SCCs during a
head manoeuvre, the cupular sensor deformation, as well
as the interaction between both. A detailed description of
the FSI model, its convergence analysis, sensitivity analysis,
and validation are given by Goyens et al. (2019) and Goy-
ens (2020). This investigation uses a reductionist approach,
in which we keep all parameters constant across all spe-
cies, except for the relative canal width and the radius of
curvature. In reality, many other parameters differ among
species as well (e.g. the proportionality of the membranous
and osseous parts, the ampulla size, the ellipticity of the
canal, and the angular accelerations of the head). Whether
these other parameters differ significantly between subter-
ranean and non-subterranean mammals is unknown, and the
reductionist approach enables us to focus on the functional
consequences of relative canal width and radius of curvature
in a comprehensive way. We investigate two sets of models.
In the first model set, we keep all parameters constant (see
below), except for the relative canal width. The outcomes
of these models show the size-normalised effect of relative
canal width on sensitivity. In the second set of models, we
vary both the relative canal width and the radius of curvature
(while keeping all other parameters constant), resulting in
absolute sensitivity values (i.e. sensitivities that take size
into account).

Geometry

The geometry of the FSI model comprises a simplified ver-
sion of the membranous labyrinth described by Curthoys
and Oman (1987). It consists of a single, circular duct with
a circular cross section and a wider chamber, represent-
ing the ampulla (Fig. 2), and was constructed in Ansys

4 " Crista
Ampulla
Bl Cupula

Slender part
of the duct

Fig.2 Examples of FSI models with different relative canal widths
(increasing width from A—C). A The average relative canal width
of non-subterranean mammals (0.092; e.g. found in the laboratory
mouse Mus musculus, the Cape ground squirrel Geosciurus inau-
ris and the Siberian chipmunk Eutamias sibiricus). B Relative canal
width of 0.2 (e.g. found in the southern marsupial mole Notoryctes
typhlops and the greater mole rat Spalax microphthalmus). C Rela-
tive canal width of 0.3 (e.g. found in the naked mole rat Heterocepha-

Designmodeler (Ansys 2019 R2; Pittsburgh, USA). We
favoured modelling single ducts over a system containing
three interconnected ducts (1) to reduce construction and
calculation time and (2) because the SCCs are functionally
separated in most situations, despite their morphological
connection (Muller and Verhagen 2002). The relative canal
width was varied by changing the width of the duct (main-
taining a constant ampulla size), and the radius of curvature
was varied by scaling the entire model. For the absolute
sensitivity calculations, we simulated 25 combinations of
radii of curvature and relative canal widths (Supplementary
table S3) to calculate a functional landscape (see “Absolute
sensitivity”). To evaluate the effect of relative canal width
itself, we focused on ten models with a range of different
internal canal widths but constant radii of curvature (Sup-
plementary table S3). The disk-shaped cupula in the centre
of the ampulla was 0.22 times as thick as the height of the
ampulla. The shape of the crista was taken to be 0.24 times
the height of the ampulla (Fig. 2).

Mesh

We created a tetrahedral mesh for the solid (cupula) and
fluid parts in Ansys Meshing (Ansys 2019 R2; Pittsburgh,
USA). We varied the maximal edge length according to the
model’s size, arriving at 14—16k elements in the cupula and
500-600k elements for the fluid.

Head manoeuvre

The canals were excited by a rotation of 0.52 rad (30°) from
start to stop around their centre in 0.222 s. This manoeuvre

lus glaber). The simulated and depicted canals refer to the membra-
nous labyrinth, but the relative canal width values are given for the
bony labyrinth. In A, the cupula is depicted in pink, the endolymph
in blue-grey. B The endolymph pressure at t=0.11 s, ranging from 0
to 0.66 Pa, and C shows the relative endolymph velocity at t=0.11 s,
ranging from 0 to 0.00035 m/s. The arrow in B and C indicates the
direction of the head manoeuvre; the deformation of the cupula is
enlarged for visibility
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is based on measurements of natural human movements and
reaches a top velocity of 4.4 rad/s (250°/s) at 0.111 s (Carriot
et al. 2014, 2017; Goyens 2019).

Fluid model

We modelled the dynamics of the endolymph fluid inside
the canal using CFD in Ansys Fluent (Ansys 2019 R2; Pitts-
burgh, USA). Because of the low Reynolds number (Muller
1999), we used a laminar viscous flow model (Goyens et al.
2019). We implemented a fluid density of 998.2 kg m™ and
a dynamic viscosity of 8.5x 107 Pa s because the fluid prop-
erties of endolymph are known to resemble those of water—
investigated in human and cat by Steer et al. (1967). The
walls were modelled as ‘no slip” surfaces. The head manoeu-
vre was implemented with a ‘User-Defined Function® for
frame motion using the ‘Define Zone Motion’ macro.

Solid model

We modelled the cupular deformation using FEM in Ansys
Transient Structural. The cupula adheres to the ampulla
walls along its entire circumference. Therefore, these walls
rotate along with the head manoeuvre, which we defined by
a function. Consistent with the literature, we used a Young’s
modulus of 54 Pa, a Poisson ratio of 0.3, and a density of
998.2 kg m~> for the cupula (Steer et al. 1967; Kassemi et al.
2005; Obrist 2011). The hair cells that generate an affer-
ent signal when deflected are located at the crista surface.
Hence, we calculated the maximal strain in the cupula at the
crista surface (where the hair cells are located; Fig. 2A), as a
measure for the excitation of the canal. Because all models
are stimulated by the same head manoeuvre, we used this as
the measure for the sensitivity of the canal.

Interaction between endolymph and cupula

The System Coupling module of Ansys Workbench (Ansys
2019 R2; Pittsburgh, USA) governs the two-way interac-
tion between the fluid part (endolymph) and the solid part
(cupula) of the model. Forces exerted by the endolymph
on the cupula are transferred from Ansys Fluent to Ansys
Transient Structural, and the resulting cupula deformation
is transferred from Ansys Transient Structural to Ansys
Fluent. We enabled dynamic remeshing in Ansys Fluent to
deal with these changes of the interaction surface during
the simulation.

Absolute sensitivity
We fitted a cubic polynomial surface using the least-squares

method through the maximal strain values (i.e. sensitivity)
of the 25 combinations of radius of curvature and relative
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canal width to capture the functional landscape (R*=0.97;
mean squared error=1.4 X 10‘4). Next, we evaluated this
surface fit for the combination of parameter values of each
of the specimens in our dataset, to estimate their absolute
sensitivity. We used the estimations of the internal width of
the membranous labyrinth ducts for this purpose, because
the functional body of fluid that excites the SCCs is con-
tained inside the membranous labyrinth (i.e. we multiplied
dby 0.71).

Phylogenetic comparative statistics

All data were statistically analysed in R (version 3.6). To test
whether relative canal width and absolute ear sensitivity vary
among species occupying different environments, we used
Monte Carlo Markov chain generalised linear mixed models
(MCMCglmm v2.29 package (Hadfield 2010)), as this ena-
bles the inclusion of a phylogenetic structure in a Bayesian
generalised linear modelling framework (Hadfield 2010;
Hadfield and Nakagawa 2010). The recent mammalian phy-
logenetic tree proposed by Upham et al. (2019) was pruned
to include only the 91 species considered in this study. Ten
species for which we amassed ear morphology data were not
represented in the Upham tree, but we used the phylogenetic
position of the most closely-related congeneric species for
our phylogenetic comparative analyses (Table S2). For the
purposes of model fitting, we first performed a preliminary
test to explore whether variation in relative canal width
(response variable) could be explained by species’ habitat
use and to test whether relative canal width differs among
canal types. Here, we included ‘habitat’ (four-level factor:
arboreal, gliding, subterranean, terrestrial) and ‘canal type’
(three-level factor: anterior, horizontal, posterior) as fixed
effects. Four species (Condylura cristata, Galemys pyrenai-
cus, Limnogale mergulus, Potamogale velox) were excluded
from this particular model, as they are generally labelled as
‘semi-aquatic’ and therefore did not clearly fit one of the
four aforementioned habitat categories. We used Gaussian
models with ‘phylogeny’ and ‘individual’ (nested in ‘spe-
cies’) as random effects. In a second model, we pooled all
arboreal, gliding, terrestrial, and semi-aquatic species in
one category (i.e. ‘non-subterranean’) and tested whether
relative canal width differs between subterranean and non-
subterranean species, for each canal type. Fixed and random
effects were identical to the first model, apart from that this
second model incorporated the interaction between the two
fixed effects. Random effects were identical in the first and
second models. Lastly, we tested whether absolute ear sen-
sitivity differs between subterranean and non-subterranean
species (fixed and random effects were identical to the sec-
ond model). In all models, we used an inverse-Wishart prior
(V=1, v=0.002) for both the residual term and the random
effect. Each model was run for 5,000,000 iterations with a
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1000 burn-in (as in e.g. Baeckens et al. 2021). Chains were
sampled every 500 iterations. Aside from the 2019 course
notes by Jarrod Hadfield, model parameters were chosen
based on Hadfield (2010) and Garamszegi (2014). From the
models, we calculated the mean and 95% credible interval
(CI) for the intercept (5).

To investigate whether and how changes in habitat use
have influenced SCC morphology and sensitivity, we used
a model selection framework. These models are each limited
to the analysis of just one canal type, so species averages of
relative canal width and absolute ear sensitivity were calcu-
lated for each canal type separately. Here, we are particularly
interested in those canal types that our preceding Bayes-
ian generalised linear models indicated as varying among
subterranean and non-subterranean species. We tested three
different models of evolution using the methods and codes
(ouch v2.14 package) developed by Butler and King (2004).
Out of the three models, the first model tested whether the
trait of interest varies at random following a Brownian
motion (BM) process, where phenotypic variation accumu-
lates with time. A rejection of the BM model implies that
phenotypic evolution has not followed a random evolution-
ary trajectory (neutral drift). The two other models followed
an Ornstein—Uhlenbeck (OU) process (Lande 1975; Hansen
1997; Cressler et al. 2015), with the simplest model (‘OU1")
having a single optimal for all species regardless of selective
regime. A third model (‘OU2’) adds additional optima for
each selective regime so that we have separate optima for
the two different habitat types (i.e. subterranean and non-
subterranean) by estimating an ancestral regime optimum
for all internal branches (based on maximum likelihood).
To determine the goodness of fit of candidate evolutionary
models, we compared the likelihood of the models by means
of a y* test (as in e.g. Baeckens et al. 2020).

Results
Canal size diversity and evolution

The radii of curvature (R) of the SCCs for the species in
our study ranged between 639 and 5000 um. Phyloge-
netic Bayesian generalised linear mixed models show no
significant differences in radius of curvature between sub-
terranean and non-subterranean mammal species (ante-
rior: f=-—0.390, CI=[- 1122, 288]; posterior: f=—260,
CI=[-0.964, 473]; horizontal: f=—-216, CI=[—-938,
492], all pMCMC > 0.276). The relative width (d/2R) of
the three ear canals varies considerably among species
inhabiting different environments, however (Fig. 3A). Our
models indicate that relative canal widths of subterranean
species are significantly larger in comparison to arboreal
(anterior: f=-0.072, CI=[-0.102, —0.040]; posterior:

p=-0.072, CI=[-0.103, —0.041]; horizontal: f=—-0.072,
CI=[-0.103, —0.040], all pMCMC <0.001), gliding
(anterior: f=—-0.068, CI=[-0.103, —0.030]; posterior:
p=-0.068, CI=[-0.106, —0.033]; horizontal: f=—0.068,
CI=[-0.106, —0.032], all pMCMC < 0.001), and terres-
trial species (anterior: f=—0.055, CI=[-0.084, —0.027];
posterior: f=—0.056, CI=[—0.084, —0.026]; horizontal:
p=-0.056, CI=[-0.083, —0.27], all pMCMC < 0.001;
Fig. 3B). Within the subterranean mammals, the bathyergid
mole rats have particularly wide canals relative to radius of
curvature (Fig. 3A).

Lumping all non-subterranean species into one category,
we continue to see the substantial difference in relative canal
width between subterranean and non-subterranean species,
but we also observe significant variation among canal types.
Bayesian estimates of mean [CI] relative canal width in sub-
terranean species ranged from 0.134 [0.080, 0.185] in the
anterior canal, to the significantly larger posterior and hori-
zontal canals of 0.174 [0.120, 0.226] (=0.039, CI=[0.029,
0.050], pMCMC < 0.001) and 0.181 [0.117, 0.242]
(#=0.046, CI=[0.036, 0.057], pMCMC < 0.001), respec-
tively. The relative widths of the latter two canals, how-
ever, do not differ significantly from each other (=0.007,
CI=[-0.003, 0.030], p MCMC =0.183). The anterior canal
is also the narrowest of all three canals in non-subterranean
species, with a relative canal width of 0.083 [0.034, 0.132]
that is significantly lower than the value of 0.105 [0.056,
0.157] for the posterior canal (f=0.022, CI=[0.016, 0.028],
pMCMC < 0.001), which is again significantly lower than
the value of 0.122 [0.021, 0.225] for the horizontal canal
(#=0.039, CI=[0.034, 0.046], pMCMC < 0.001).

Our analyses also indicate that the differences in relative
canal width between subterranean and non-subterranean
species vary among canal types (Fig. 3C). Specifically, the
difference in relative canal width between subterranean and
non-subterranean species is most pronounced in the pos-
terior canal and least in the anterior canal, and differs sig-
nificantly between the posterior and anterior canals (inter-
action: f=0.018, CI=[0.006, —0.030], pMCMC =0.004).
The difference in relative horizontal canal width between
subterranean and non-subterranean species does not vary
significantly from the differences in the anterior (interac-
tion: f=-0.007, CI=[-0.019, 0.004], pMCMC =0.252)
and posterior canals (interaction: f=0.011, CI=[-0.001,
0.023], pMCMC =0.063).

To examine the potential adaptive evolution of relative
canal width, we tested three different models of evolution.
The overall fit of each of the three evolutionary models
is summarised in Table 1. Both OU models were tested
against BM, which showed that the best-fitting model, for
all three canal types, was the adaptive model OU2; the
worst-fitting model was not BM but the ‘wrong’ adaptive
model, OU1. The parameter estimates of the best-fitting
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Fig. 3 Evolution of relative canal width. A Phylogenetic relationships
of the 91 species studied, with the coloured circles at the tree tips
representing species’ habitat use. Bars at the tree tips denote species’
relative canal width of the posterior canal. The density plot at the root
of the tree illustrates the estimated number of transitions (x) from a
subterranean (‘1’) to a non-subterranean (‘0’) lifestyle along the
evolutionary history in blue, and from a non-subterranean to a sub-
terranean lifestyle in pink [calculated using ‘density.multiSimmap’

model, OU2, suggested strong selection (a ranged between
0.99 and 1.90) with moderate drift (¢ ranged from 0.004
to 0.006; comparable to that estimated for the BM model
for which ¢ ranged from 0.003 to 0.005). Together, these
results suggest that relative canal width oscillates around
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function in phytools (Revell 2012)]. The Bayesian model predictions
[as raincloud plot (Allen et al. 2019), boxplot, and posterior distribu-
tion] for relative canal width show (B) the differences among species
with distinct lifestyles (the same colours as in A and C the differ-
ences between subterranean and non-subterranean species per canal
type. Asterisks denote level of statistical significance (***<0.001;
*#<0.01)

two phenotypic optima, one for each of the different selec-
tive regimes, i.e. subterranean and non-subterranean.
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Table 1 Performance of models of relative canal width evolution

Canal type Model LogL AlCc 7 P value
Anterior BM 207 —-410
ou(l) 207 —407 0.60 0.896
ou2) 212 —416 9.83 0.043
Horizontal BM 180 —356
ou(l) 180 —352 0.97 0.809
ouQ) 190 -371 18.96 <0.001
Posterior BM 186 —368
ou(l) 185 —363 3.04 0.385
ouQR) 205 —402 38.12 <0.001

The likelihood values (Logl) and bias-corrected AICc are given for
each model. The likelihood of each OU model was tested against BM
using a Chi-square (y?) test. The best-fit model is represented in bold
font

Functional implications of the relative canal width

The SCCs of the specimens in our dataset differ both in
size (radius of curvature, R) and in internal canal width (d).
Canals with a larger radius of curvature are predicted to
be more sensitive (Oman et al. 1987; Muller 1999; Goyens
2019), and our models show that wider canals are also more
sensitive (Fig. 4A, C). Considering SCCs of the same radius

of curvature, there is a sigmoid-shaped relationship between
relative canal width and size-normalised sensitivity (see
Fig. 4A). Between relative canal widths of 0.07 and 0.20,
the size-normalised sensitivity increases almost linearly; a
10% increase in relative canal width leads to a 3.85 times
higher sensitivity. Above or below this range, the sensitivity
rises much more slowly (Fig. 4A). It is possible to make a
reasonably accurate prediction of the absolute SCC sensitiv-
ity based on the (absolute) internal canal width (d) alone (see
Fig. 4C; R*=0.80; absolute sensitivity =0.0002d — 0.054).
The (absolute) internal canal width (d) is a better predictor
of the absolute sensitivity than the absolute radius of curva-
ture (R; Fig. 4C, D).

Ear sensitivity diversity and evolution

The functional landscape based on FSI modelling (Fig. 4B)
allows us to estimate the absolute sensitivity of all canals in
our dataset, taking into account both their radius of curvature
(R) and relative canal width. The absolute ear sensitivity var-
ies significantly between non-subterranean and subterranean
species, but this is only true for the anterior canal (#=0.049,
CI=[0.019, 0.078], pMCMC =0.001), and not for the pos-
terior ($=0.020, CI=[-0.009, 0.050], pMCMC =0.186)
or horizontal canals (f=0.017, CI=[-0.013, 0.045],

Fig.4 Size-normalised and
absolute sensitivity. A FSI
model outcomes show the effect
of the relative canal width on
the size-normalised sensitiv-
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Fig.5 Ear sensitivity variation among canal types and ecology.
Bayesian model predictions (as raincloud plot (Allen et al. 2019),
boxplot, and posterior distribution) for absolute ear sensitivity show
a significant difference between subterranean and non-subterranean
species in the anterior canal, but not in the horizontal and posterior
canals

pMCMC =0.248). More specifically, the anterior canal of
subterranean species is more sensitive than that of non-
subterranean species (Fig. 5). Evolutionary model selection
of absolute sensitivity of the anterior canal revealed that
the BM model (LogL.=194.24, AICc=-384.34) was out-
performed by both OU models (OU1, )(2 =8.90, P=0.003;
0U2, y*=14.25, P<0.001), with the OU2 adaptive model
(Logl.=201.37, AICc =—394.26) showing a better fit than
OU1 (LogL=198.69, AICc=-391.10).

Discussion

The evolution of larger and more sensitive SCCs as an adap-
tation to a lifestyle that requires increased balance control
and navigational skills has been previously documented in
highly agile and fast-moving mammals, such as gibbons and
galagos (Spoor et al. 2007). In this study, we discovered that
diversification of the SCCs also occurred in subterranean
mammals. Specifically, we find that subterranean mammals
considered collectively have evolved a larger relative canal
width than their non-subterranean relatives. For the anterior
canal only, this leads to a significant increase in SCC sensi-
tivity in subterranean mammals. This may seem surprising,
given that the difference in the relative canal width between
subterranean and non-subterranean mammals is actually
the smallest for the anterior SCC (Fig. 3C). The reason
is that the non-linear interplay between the relative canal
width (significant differences) and the radius of curvature
(no significant differences) together determine the absolute
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sensitivity, and lift the difference above the level of signifi-
cance for the anterior SCC only.

When calculating sensitivities using FSI, we considered a
constant proportionality between the membranous ducts and
osseous canals in all species. It is noticeably, however, that
the membranous ducts that we measured in naked mole rats
seem to be proportionally wider relative to the bony canals
(71% on average) than in non-subterranean mammals—see
e.g. Figure 2 in David et al. (2016). If such a difference does
indeed exist, this would make our results on patterns of con-
vergence even stronger.

Ecological significance of increased relative canal
width and sensitivity in subterranean mammals

Our findings show that most subterranean mammal spe-
cies have relatively wider SCCs than species living above
the ground. Fluid-structure interaction modelling shows
that canal widening has a sensitivity-enhancing effect. The
canal widening and enhanced anterior SCC sensitivity in
subterranean mammals imply higher demands on navigation
or balance when living underground. Experimental work,
indeed, supports the notion that at least some subterranean
mammals exhibit excellent navigation, bypassing, or homing
skills (Kimchi and Terkel 2001, 2003; Kimchi et al. 2004;
Lewis et al. 2006), but it is often not clear which sensory
organs are responsible for these abilities. Our findings of
canal widening and associated sensitivity enhancement in
subterranean mammals strongly suggest that the vestibular
system plays an important role in navigation and/or bal-
ance in many subterranean mammals. Future experimental
research (e.g. suppressing SCC sensitivity) may elucidate
the functional role of SCC sensitivity in the navigation and
balance of these burrowing animals.

Our functional landscape analysis also allows predict-
ing the SCC sensitivity of species that are not included in
our dataset (Matlab functional surface in the Supplemen-
tary Material S5). To illustrate, based on the primate data-
set by Spoor et al. (2007), our models predict an anterior
SCC sensitivity of &~ 0.0134 for the Senegal bushbaby
(Galago senegalensis, body mass=0.220 kg), a horizon-
tal SCC sensitivity of = 0.0014 for the Guianan squirrel
monkey (Saimiri sciureus, body mass=0.759 kg) and a
horizontal SCC sensitivity of <0.001 for the diademed
sifaka (Propithecus diadema, body mass =6.1 kg) (Spoor
and Zonneveld 1998; Spoor et al. 2007; Silcox et al. 2009).
Surprisingly, these predictions suggest lower SCC sensi-
tivities for these highly agile primates than for the subter-
ranean mammals in our dataset (absolute sensitivity ante-
rior SCC: 0.066 + 0.040; posterior SCC: 0.056 +0.038;
horizontal SCC: 0.064 +0.038). The reason for this result is
that the three aforementioned primates have rather narrow
SCCs (d: 163-264 um) with average radii of curvature (R:
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1633-2612 um) compared to the mammals in our dataset.
Hence, our findings suggest that it would be worth collect-
ing internal width measurements as well as measurements
of the radius of curvature in future comparative research on
the vestibular system.

One possible functional explanation for lower absolute
sensitivities in these primates than in subterranean mam-
mals relates to differences in their commonly deployed
angular frequency range of head movements. Canal
widening improves the sensitivity (Fig. 4A, C), but at
the same time, probably increases the time required for
the canal to respond to a stimulus (Muller 1999). To the
best of our knowledge, no comparative studies have been
published on angular head frequencies, but it is likely
that subterranean mammals, which tend to carry mas-
sive neck and/or shoulder musculature associated with
digging, move their heads more slowly than primates. If
so, a slower SCC response may not hamper subterranean
mammals due to their slower head movements. In con-
trast, highly agile animals may stimulate their narrow,
less sensitive SCCs more strongly with high head accel-
erations while benefiting from a faster response time. We
encourage future studies to examine the functional trade-
off between SCC sensitivity and response time across
animal groups with distinct locomotion styles.

Repeated evolution of SCC form and function

Similarities in animal form and function associated with
particular habitats can provide strong evidence for adap-
tive evolution by natural selection (Losos and Miles 1994;
Larson and Losos 1996; Losos 2011). We showed that
the vestibular system of subterranean mammal species
is characterised by relatively wider SCCs with a higher
sensitivity of the anterior SCC in comparison to closely-
related, non-subterranean species. Moreover, our results
revealed repeated evolution of this SCC form and perfor-
mance associated with the independent transitions to a
subterranean lifestyle.

Our results allow us to make predictions about the
lifestyle (i.e. subterranean or not) of mammalian species
based only on their vestibular anatomy. Based on Bayes’
theorem, we can calculate the probability that a spe-
cies is subterranean using the posterior distributions in
Fig. 3C. Making no a priori assumptions, there is a>95%
chance that a species is subterranean when the relative
canal width of its anterior SCC > 0.146, its posterior
SCC >0.167, or its horizontal SCC >0.184 (see Fig. 6;
average value: 0.166). Following this reasoning for the
outlier in the terrestrial group indicated in Fig. 4B, we
find that the mountain beaver (Aplodontia rufa) falls into
this category. Mountain beavers dig extensive burrows,
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rarely travel further than a few meters from their burrow
entrance, have limited visual abilities, and have cochlear
specialisations that were suggested to allow detection of
slow air pressure changes in their burrows (Carraway and
Verts 1993). It is worth noting, though, that the mountain
beaver specimen in our dataset only has a high relative
canal width for its horizontal SCC, and not for its anterior
and posterior SCCs.

Possible reasons for enhanced anterior canal
sensitivity

Our results show considerable differences in the sensitivities
of the anterior canal (increased in subterranean mammals
compared with non-subterranean species), but not in the
sensitivities of the posterior and horizontal canals.

The ultimate reasons why the anterior canal alone
acquires this higher sensitivity in subterranean species
remain unclear. One possible explanation may be that
because the anterior canal is oriented vertically, a more
sensitive anterior canal gives a more precise measurement
of head tilt up or down (Spoor et al. 1994). This may be
particularly useful in the three-dimensional, subterranean
world, for example to estimate tunnel inclination when aim-
ing for connection to another tunnel, or to avoid the surface.
However, the same reasoning would equally apply to the
posterior canal, which is also oriented vertically (but usu-
ally neither in the sagittal nor in the transverse plane (Ber-
lin et al. 2013). Hence, this does not elucidate why only
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the anterior canal became more sensitive in subterranean
mammals.

One characteristic that is unique to the anterior canal
relates to the subarcuate fossa, a cavity lying between the
three SCCs that contains cerebellar neural tissue. This tis-
sue is connected to the rest of the cerebellum by myelinated
pathways that run through the arc of the anterior canal,
referred to as the ostium (Rodgers 2011). In rodents, the
entire parafloccular cerebellum is located within the sub-
arcuate fossa, while in primates it only contains the pet-
rosal lobe of the paraflocculus (McClure and Daron 1971;
Bertrand et al. 2018). Many mammalian species have sub-
arcuate fossae, but certainly not all (McClure and Daron
1971; Jeffery and Spoor 2006) (see supplementary table S6
for a literature overview). Most research on the function of
the petrosal lobe of the paraflocculus has been performed
on non-human primates, demonstrating its involvement in
the control of voluntary eye movements (both saccadic and
smooth pursuit) (Zee et al. 1981; Rambold et al. 2002; Xiong
and Nagao 2002; Hiramatsu et al. 2008; Xiong et al. 2010;
Shaikh and Wang 2021). The petrosal lobe’s important role
in gaze stability during running led researchers to hypoth-
esise that the size of the subarcuate fossa and the petrosal
lobe may be directly associated with a species’ locomotor
agility (Jeffery and Spoor 2006; Jeffery et al. 2008; Rodgers
2011). The size of the subarcuate fossa is spatially related to
SCC size (Jeffery and Spoor 2006), especially the anterior
canal that surrounds its ostium. Jeffery et al. showed that
subarcuate fossa size is unlikely to be the underlying reason
for the previously observed link between canal size and agil-
ity in primates (Jeffery et al. 2008), but there is a significant
positive correlation between subarcuate fossa size and the
overall size of the anterior canal in primates (Jeffery and
Spoor 2006; Jeffery et al. 2008).

These observations suggest a possible explanation for the
relatively wide anterior canal of subterranean mammals. In
their dark burrow systems, the petrosal lobe that coordinates
eye movements may have lost its main function, allowing
for an evolutionary shrinkage of the subarcuate fossa. This
would have permitted widening of the anterior canal towards
the inside, narrowing the ostium. This idea is compatible
with our finding that subterranean and non-subterranean
mammals have no statistically different SCC radii of cur-
vature, suggesting that the SCCs of subterranean mammals
have widened inwards as much as outwards.

Although we have considered subterranean mammals
collectively so far in this discussion, it is important to rec-
ognise that there is considerable anatomical variation in the
vestibular region between groups. For example, the naked
mole rat Heterocephalus has relatively wide SCCs, the
space between them being occupied by a diverticulum of
the middle ear cavity (Mason et al. 2016), while the Euro-
pean mole Talpa has relatively narrower SCCs surrounding
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a sizeable subarcuate fossa (Wilkie 1925). Whether or not
there actually was any reduction in volume of the subarcuate
fossa, which might have allowed for canal expansion, would
need to be examined separately in the various subterranean
groups.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00359-022-01578-7.
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