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Abstract: The vestibular system of the mammalian inner ear senses angular and linear velocity of the
head and enables animals to maintain their balance. Vestibular anatomy has been studied extensively
in order to link its structure to particular kinds of locomotion. Available evidence indicates that,
in primates, slow-moving species show higher levels of vestibular variation than fast-moving taxa.
We analysed intraspecific morphological variation and fluctuating asymmetry (FA) levels in the
semicircular canal systems of six species of lorisiform primates: three slow-moving lorisids and three
fast-moving galagids. Our results showed clear differences in levels of intraspecific variation between
slow-moving and fast-moving taxa. Higher levels of variation were responsible for deviations from
coplanarity for synergistic pairs of canals in slower taxa. Lorisids also presented higher levels of FA
than galagids. FA is a better indicator of agility than intraspecific variation. These results suggest that
in order to function efficiently in fast taxa, semicircular canal systems must develop as symmetrically
as possible, and should minimise the deviation from coplanarity for synergistic pairs. Higher levels of
variation and asymmetry in slow-moving taxa may be related to lower levels of stabilising selection
on the vestibular system, linked to a lower demand for rapid postural changes.

Keywords: primates; vestibular system; semicircular canals; intraspecific variation; locomotion;
agility; developmental stability; fluctuating asymmetry

1. Introduction

The mammalian inner ear (or labyrinth) has two components, the inner membranous
labyrinth, and the outer bony labyrinth. The membranous labyrinth develops very early in
the growth of the vertebrate skull, during the formation of the cartilaginous chondrocra-
nium, while the bony labyrinth ossifies only later along with the cranium [1]. The bony
labyrinth (see Figure 1A) is a series of ossified cavities that protect the delicate membranous
labyrinth, which is composed of the organ of hearing (the cochlear duct) and the organ of
balance (the semicircular canal ducts, the utricle and saccule, also referred to as the vestibu-
lar system). The vestibular system of the inner ear is related to the detection of angular
and linear head acceleration and to several reflexes (vestibulo-ocular and vestibulo-collic
reflexes) that help to stabilise the gaze and head during movements of the body [2,3]. It is
hence responsible for maintaining the balance of the body when in motion.
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Figure 1. (A): Anatomical position, anatomy and orientation of the left and right bony labyrinths in the skull of a Galago 
moholi specimen (TM 1298). 1: right cochlea; 2: ampullae of the left semicircular canals (SCCs); 3: left lateral SCC; 4: right 
anterior SCC; 5: left posterior SCC; 6: left common crus; 7: vestibule of the right bony labyrinth that encloses the saccule 
and the utricle. (B): reference head-centred orientation planes used before digitising semi-landmarks. Scale bars: 1 cm. 

During the last three decades, the increasing availability of X-ray Computed Tomog-
raphy (CT) and µCT facilities has enabled researchers to visualise internal anatomical 
structures, such as the mammalian inner ear, without damaging the specimens. The laby-
rinth is functionally highly constrained, and likely to reflect adaptations to both the hear-
ing system and the type of locomotion, which is particularly useful for understanding the 
ecology of extinct species. The petrosal bone, which houses the bony labyrinth, is rela-
tively dense [4], and therefore is frequently preserved in fossils. Most attempts to docu-
ment labyrinthine morphology using X-ray CT techniques to infer the locomotor reper-
toire of extinct species have focused on fossil hominins [5–8] and non-human primates 
[9,10]. These studies have established a general correlation between the means of the radii 
(R) of the three semicircular canals (SCCs), body mass and agility. More agile mammals 
(performing faster head movements) tend to develop larger SCCs than slower ones rela-
tive to body mass [11]. Hence, relative SCC size has been used most frequently as a proxy 
to infer locomotion within various primates [12–15] and non-primate [16–23] mammalian 
clades. Although R is an important determinant of the sensitivity of the vestibular system, 
it captures only a fraction of the morphology of this structure. Other aspects of the SCCs, 
such as deviation from circularity [24–26] and deviation from orthogonality [27], also have 
a mechanical impact on canal sensitivity [28]. However, little to no significant correlation 
between deviation from circularity, body mass and agility could be established within a 
broad sample of mammals [26], and deviation from canal orthogonality has proven not to 
be a good proxy for agility in some extant and one extinct primate species [15,29], and in 
rodents [30]. Furthermore, the widely used regressions based on R [11] and deviations 
from orthogonality [27] to predict agility have been established using one or a few speci-

Figure 1. (A): Anatomical position, anatomy and orientation of the left and right bony labyrinths in the skull of a
Galago moholi specimen (TM 1298). 1: right cochlea; 2: ampullae of the left semicircular canals (SCCs); 3: left lateral SCC; 4:
right anterior SCC; 5: left posterior SCC; 6: left common crus; 7: vestibule of the right bony labyrinth that encloses the saccule
and the utricle. (B): reference head-centred orientation planes used before digitising semi-landmarks. Scale bars: 1 cm.

During the last three decades, the increasing availability of X-ray Computed Tomog-
raphy (CT) and µCT facilities has enabled researchers to visualise internal anatomical
structures, such as the mammalian inner ear, without damaging the specimens. The
labyrinth is functionally highly constrained, and likely to reflect adaptations to both the
hearing system and the type of locomotion, which is particularly useful for understanding
the ecology of extinct species. The petrosal bone, which houses the bony labyrinth, is
relatively dense [4], and therefore is frequently preserved in fossils. Most attempts to docu-
ment labyrinthine morphology using X-ray CT techniques to infer the locomotor repertoire
of extinct species have focused on fossil hominins [5–8] and non-human primates [9,10].
These studies have established a general correlation between the means of the radii (R)
of the three semicircular canals (SCCs), body mass and agility. More agile mammals (per-
forming faster head movements) tend to develop larger SCCs than slower ones relative
to body mass [11]. Hence, relative SCC size has been used most frequently as a proxy to
infer locomotion within various primates [12–15] and non-primate [16–23] mammalian
clades. Although R is an important determinant of the sensitivity of the vestibular system,
it captures only a fraction of the morphology of this structure. Other aspects of the SCCs,
such as deviation from circularity [24–26] and deviation from orthogonality [27], also have
a mechanical impact on canal sensitivity [28]. However, little to no significant correlation
between deviation from circularity, body mass and agility could be established within a
broad sample of mammals [26], and deviation from canal orthogonality has proven not to
be a good proxy for agility in some extant and one extinct primate species [15,29], and in
rodents [30]. Furthermore, the widely used regressions based on R [11] and deviations from
orthogonality [27] to predict agility have been established using one or a few specimens
for each species, hence relying on the implicit hypothesis that intraspecific labyrinthine
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morphological variation is insignificant compared to interspecific variation. However,
examples of extremely high levels of morphological variation in bony labyrinth shape have
been reported for Bradypus variegatus (the 3-toed sloth) [31], which is characterised by very
slow locomotion. Billet et al. [31] hypothesised that a relaxation in the selective pressure
applied to the morphology of the bony labyrinth was the likely reason for this higher
amount of intraspecific variation. This hypothesis was subsequently tested for samples
comprising slow-moving versus fast-moving primate taxa; they revealed that slow-moving
species express significantly higher amounts of intraspecific variation of the SCC system
than fast-moving species, and that even the latter exhibit non-negligible levels of vestibular
morphological variation [29,32]. These results strengthen support for the hypothesis of
Billet et al. that lower selective pressures are applied to the vestibular system in taxa with
a reduced functional demand for rapid postural adjustments. Perier et al. [29] further
suggested that such selective pressures would probably act upon the prenatal ontogenetic
pathways responsible for the formation of the SCCs, in order to minimise inter-individual
variations of vestibular morphology. In other words, intraspecific vestibular variation
levels would partly reflect the efficiency of canalisation of developmental pathways that
buffer against the phenotypic effects of changing environmental conditions or genetic
variation, in order to maintain fit phenotypes [33]. A question then arises as to whether dif-
ferences in the levels of asymmetry in vestibular morphology exist between slow-moving
and fast-moving taxa. In mammals, left and right vestibular systems are known to depart
from perfect symmetry at the interspecific [16,34] and intraspecific [32,35] levels. However,
in these studies, the issue of vestibular asymmetry and its potential correlation with SCC
sensitivity has remained peripheral, or, when addressed, has not been explored using the
concepts and methods specifically developed to investigate the developmental stability of
biological structures.

Over the past three decades, quantifying fluctuating asymmetry (FA) levels using
geometric morphometric methods to estimate the developmental stability of morphological
structures has been a burgeoning field of research [36]. FA is generally considered a
nuisance resulting from the inability of organisms to buffer accidental deviation from
a canonical phenotype during development [37,38]. FA has been used for decades as a
proxy for genetic and environmental stress [39,40], and as an estimation of various aspects
of fitness such as mating success (e.g., [41,42]), although the relationship between FA
and fitness may not be straightforward [43,44]. A few studies have focused on the links
between FA measurements and the functional efficiency of traits [45,46], and found FA
levels ranging between 3 and 200 times higher in vestigial (thus non-functional) structures
than in functional ones.

In the present study, we compared the intraspecific morphological variability and the
FA levels of SCCs in six strepsirrhine primate species showing diverse patterns of arboreal
locomotion. Primates exhibit a range of locomotor movements, including quadrupedal
walking, leaping, climbing and suspension [47–50]. No given primate species evinces a
single locomotion category, but rather a repertoire that overlaps with those of other species.
Nevertheless, some primates, such as lorisids, move relatively slowly, while others, such
as galagids, are faster and more agile. For simplification purposes, we chose to compare
the extent of morphological variation of the SCC system in so-called “slow” and “fast”
primate taxa, following the agility scale defined by Spoor et al. [11]. Our comparative
sample comprised three slow-moving lorisid taxa (Loris tardigradus, Nycticebus coucang, and
Perodicticus edwardsi), two fast-moving galagid species (Paragalago granti and Galago moholi),
and the largest galagid species (Otolemur crassicaudatus), which is relatively slow-moving
for a galagid, and occupies an intermediate position in this continuum. We asked:

1. Do slow-moving species show higher levels of SCC morphological variation than
fast-moving taxa? Is stabilising selection stronger in animals with rapid postural
adjustments and less restrictive in species with slower locomotor repertoires?

2. If a selective difference exists, does it affect fluctuating asymmetry levels expressed in
SCC morphology, and is the level of asymmetry higher in slow-moving taxa than in
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fast-moving ones? How strong are the developmental stabilising forces during the
early stages of ontogeny?

2. Materials and Methods
2.1. Specimens and Selected Taxa

Our comparative sample comprised 130 specimens of lorisiform primates, most of
which were housed in six museum collections: Ditsong National Museum of Natural
History (DNMNH, n = 30), Pretoria, South Africa; National Museum of Natural History
(NMNH, n = 45), Bulawayo, Zimbabwe; Anthropological Institute and Museum (AIM,
n = 19), Zürich, Switzerland; University Museum of Zoology (UMZC, n = 1) of Cambridge,
United Kingdom; Museum für Naturkunde (MNB, n = 1), Berlin, Germany; and Muséum
national d’Histoire naturelle (MNHN, n = 23), Paris, France. The specimens were digi-
tised using different X-ray microtomography (X-ray µCT) facilities by A.P., R.L. and S.C.
for the purposes of this study. Additionally, 11 µCT scans were downloaded from Mor-
phoSource [51] (www.morphosource.org, accessed on 15 November 2021), representing
specimens from the American Museum of Natural History (AMNH, n = 2), New York,
USA; the United States National Museum of Natural History (USNM, n = 1), Washington,
USA; the Duke Lemur Center (DLC, n = 6), Durham, USA; and Duke University (DU,
n = 2), Durham, USA. Three of the six species studied were slow-moving lorises, while
three were faster-moving galagos.

Nycticebus coucang (Boddaert, 1784) (Strepsirrhini, Lorisiformes, Lorisidae), also
known as the slow loris, is found in Southeast Asia. It is a nocturnal, arboreal animal
that lives in evergreen forests. The most frequent movements included in its locomotion
are suspension and slow-moving quadrupedalism [52], followed by bridging and slow-
climbing. We included 19 Nycticebus museum specimens, both wild-caught and maintained
in zoos, all labelled as “Nycticebus coucang” (see Table S1). However, the taxonomy of
Nycticebus is still strongly debated, and the number of species recognised within the genus
has increased during the last few years [53]. A number of the sampled Nycticebus specimens
may therefore belong to two other species depending on their provenance; i.e., Nyctice-
bus (c.) menagensis (n = 2 specimens wild-caught in Borneo), and N. bengalensis (1 specimen
from Vietnam, 1 from Cambodia, and 5 from Thailand). Nycticebus coucang also occurs in
southern Thailand, and the five Thai specimens included lacked geographical provenances.
Furthermore, N. bengalensis and N. coucang are difficult to distinguish morphologically and
genetically from each other [54] and are known to hybridise in Thailand [55], which may
argue against the validity of N. bengalensis. Within Nycticebus, however, the specific status
of N. pygmaeus is unquestionable [56]. Referred to colloquially as the pygmy loris, it is
significantly smaller than all other taxa within the genus [55,57]. As N. pygmaeus coexists
with N. bengalensis in Vietnam and Cambodia, we confirmed that our samples did not
confound these species by comparing the cranial sizes of our specimens with those of
three N. pygmaeus specimens hosted by MorphoSource. Though our Nycticebus sample
may contain a few specimens from other slow loris taxa, the vast majority belong to the
N. coucang/N. bengalensis group. Furthermore, all species of Nycticebus share the same
type of locomotion [58]. In that context, it might be expected that our measurements of
intraspecific SCC system variation are (slightly) overestimated, but given the homogeneity
of locomotion within the genus, we expect this not to affect the validity of our results
regarding FA levels to any significant extent.

Perodicticus edwardsi Bouvier, 1879 (Strepsirrhini, Lorisiformes, Lorisidae), dubbed
Milne-Edwards’ potto, has a widespread African distribution from Cameroon to the eastern
Congo Basin [59]. Until recently, the taxonomy of Perodicticus was assumed to contain a
single species, Perodicticus potto. However, two subspecies have been elevated to species
status [60,61]: P. edwardsi and P. ibeanus. Perodicticus is a cryptic nocturnal animal that
climbs slowly and moves quadrupedally [52,62], though it can run at times [63]. In the
present study, we included 20 specimens of P. edwardsi.

www.morphosource.org
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Loris tardigradus (Linnaeus, 1758) (Strepsirrhini, Lorisiformes, Lorisidae), the red
slender loris, is a nocturnal slow climber endemic to the humid and montane forests of
southwestern Sri Lanka, whose movements depend a lot on the grip of the limbs [64,65].
Two species of Loris are found in Sri Lanka, Loris tardigradus (red slender loris) and Loris
lydekkerianus (grey slender loris) which is larger and can also be found in Southern India [66].
As emphasised by Subramoniam’s drawings [64], the locomotor and postural activity of
Loris tardigradus involves frequent tensile loading of the limbs [67]. It has been described
as moving in a slow quadrupedal fashion, like all lorisids [67], although more recent
reports indicate that it is capable of swift movements during locomotion, described as
rapid arboreal quadrupedalism [68–70]. Nekaris and Bearder [71] described its locomotion
as quadrupedal climbing and running. We included 16 L. tardigradus specimens, a minority
of which were wild-caught (n = 2, see Table S1); most were zoo or captive-bred specimens
from the Duke University Primate Center.

The three lorisid species were given an agility score of 2/6 according to the scale
proposed by Spoor et al. [11], which is the lowest score these authors gave to primate
species included in their sample.

Otolemur crassicaudatus (Geoffroy, 1812) (Strepsirrhini, Lorisiformes, Galagidae) occurs
across a geographical range that extends from Angola to Tanzania, and from South Africa
to Uganda. The species practices quadrupedal locomotion, primarily walking, running
and climbing, with limited leaping [65,67]. Like Perodicticus, it crosses between trees by
tensile bridging behaviour [65]. Otolemur crassicaudatus was given an agility score of 4/6
by Spoor et al. [11], along with Galagoides demidoff ; the lowest score accorded to galagid
taxa by these authors. We included 30 O. crassicaudatus individuals in our sample.

Galago moholi (Smith, 1836) (Strepsirrhini, Lorisiformes, Galagidae) is widely dis-
tributed within southern Africa, where its geographic range extends from Angola to
Tanzania, and from South Africa to Rwanda. It is the most specialised leaper within Galagi-
dae, moving on the ground by bipedal hopping [71]: Horizontal leaps of 4 m and height
gains of over 2 m are common [72,73]. For G. moholi, leaping is of far greater importance
than quadrupedal walking or running as a means of travel [74]. Galago moholi populations
may lose as much as 15% of their number annually to aerial predators, primarily to owls
at night, but also to hawks during the day, and their locomotor specialisation is likely to
have evolved as a means of predator avoidance [75], enabling them to make sudden and
unexpected changes of direction [73]. Galago moholi was given an agility score of 6/6 by
Spoor et al. [11]. We studied 29 G. moholi specimens housed in the Ditsong Museum of
Natural History, Pretoria.

Paragalago granti (Thomas and Wroughton, 1907) (Strepsirrhini, Lorisiformes, Galagi-
dae), the Mozambique eastern dwarf galago, ranges from South Africa through Mozam-
bique, eastern Zimbabwe and Malawi, to southern Tanzania [76]. The species leaps more
often than Galagoides, but not as frequently as species of Galago [77], and is hence more
quadrupedal. Their preferred habitat in southeastern Africa is dry Newtonia sand forest,
which has a high canopy but little understorey, while Galago moholi prefers dry savanna
woodland or thornveld [76]. We included 16 P. granti specimens in our study, 15 of which
derive from Zimbabwe and the last from South Africa, previously misidentified as G. moholi.
Although they were not included in the primate list of Spoor et al. [11], and have a unique
locomotor repertoire, they are likely to be more comparable in agility with G. moholi (6)
than with O. crassicaudatus (4).

2.2. 3D Data Acquisition

The specimens were X-ray µCT scanned at resolutions ranging between 12 µm and
74 µm of isotropic voxel size, which is sufficient to capture the 3D morphology of the bony
labyrinth. The crania of most specimens (n = 109) were scanned entirely, while only the
basicranial region was scanned for a subset (n = 21, see Table S1). Bony labyrinths were
segmented using Avizo 2019.3 (Thermofisher Scientific) either by manual segmentation or
with the help of the watershed segmentation tool, or using a two-step approach involv-
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ing smart interpolation: (i) pre-segmentation one slice out of around 20 slices in Avizo;
(ii) Biomedisa smart interpolation tool [78]. The latter approach was the fastest to achieve a
reliable segmentation of the bony labyrinth, especially for the few iodine-stained specimens
downloaded from MorphoSource, for which segmentation would otherwise have been
complicated. The 3D surfaces representing the left and right labyrinths and the whole or
partial crania were exported as PLY files.

2.3. Semilandmarks Protocol

Before semilandmark digitisation, each cranium or basicranium was positioned in
space using MorphoDig [79] in order to align the median sutures along the vertical sagittal
(XZ) plane and to orientate the two external auditory meatuses perpendicularly to that
plane. The rotation matrix of each cranium was saved and applied to both ears. The inner
ears were subsequently rotated along the Y-axis to align the left and right lateral canals
along the horizontal plane (see Figure 1B). It has been shown recently that the plane of the
lateral SCCs departs somewhat from horizontality when the head is at rest in a number of
mammal species [80]. However, this standardised way of orientating left and right ears is
convenient and biologically relevant. Once positioned, 3D Bezier curves were placed along
the centroid of the lumen of each SCC, starting from each ampulla. Curves along the ante-
rior semicircular canal (ASCC) and posterior semicircular canal (PSCC) were fused at the
common crus (CC), and the CC was treated as an independent curve (see Figures 1 and 2).
A total of four curves for each inner ear (one for each SCC and one for the CC) was digitised
for each specimen. These height Bezier curves were exported as an arbitrarily large number
of equidistant coordinates within a single TPS file with MorphoDig. TPS files were opened
in R and re-expressed using the Geomorph package [81] into 25 equidistant semilandmarks
for each lateral semicircular canal (LSCC), 20 semilandmarks for each ASCC and PSCC,
and 5 semilandmarks for each CC, making a total of 140 semilandmarks for both left
and right inner ears, for each specimen (see Figure 2). The right-mirrored semilandmark
configurations were re-mirrored in a second step into their original anatomical positions
relative to the left vestibular systems. Semilandmark digitisation for both left and right SCC
systems of the 130 specimens were performed twice on different days without reference to
the previous measurements, to allow for the estimation of measurement error (ME) [82],
and analysis and partitioning of the effects of ME and asymmetry [83].
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Figure 2. Semilandmark protocol used in the study, illustrated on the left bony labyrinth of the specimen TM1298
(Galago moholi). (A) 3D surface of the bony labyrinth presenting the positions of the anterior semicircular canal (ASCC), of
the posterior semicircular canal (PSCC), of the lateral semicircular canal (LSCC) and of the common crus (CC); (B) Bezier
curves placed on each SCC; (C) large number of equidistant semilandmarks characterising the SCC curves; (D) 70 equidistant
sliding semilandmarks used for analyses.
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2.4. Intraspecific Variation in Orientation and Size of the Semicircular Canals

For each left and right SCC system of all specimens, we measured the length of the
common crus (CCL). We used the centroid size (CS) of the semilandmarks digitised on
each SCC as a proxy for canal size rather than the mean radius of curvature because the
shape of the SCC often departs widely from circularity. CS and CCL were then rescaled for
each species (so that mean (CS) = 1 and mean (CCL) = 1 for all six species), in order to allow
comparison among the species’ variances. We also measured within each ear the angles
between the three pairs of ipsilateral SCCs (and angular variances within the six species).

For each specimen, we measured the intraspecific mean and variance of the deviation
from coplanarity between the three synergistic canal pairs (Left-LSCC/Right-LSCC, Left-
PSCC/Right-ASCC, and Left-ASCC/Right-PSCC). Finally, we measured the absolute
difference (asymmetry) between left and right measurements (angle within each ipsilateral
ear, semicircular canal CS and CCL) within each species. These analyses were performed
using the R [84] and RStudio [85] software.

2.5. Semicircular Canal Shape and Size Variation

Four semilandmark sets for each of the 130 specimens were digitised (left and right
SCC systems and one replicate for each ear). As a first step, we produced mean semiland-
mark configurations as follows: for each specimen, we mirrored the right configurations
(initial digitisation + replication) and we applied a generalised Procrustes alignment on
the two left (initial digitisation and replication) and the two mirrored right configurations
without scaling using the R Morpho package [86]. The consensus of the four aligned config-
urations was then used to characterise each specimen’s SCC morphology. Semilandmarks
were subsequently slid along each curve so as to minimise bending energy, and thereafter
Procrustes-aligned using Geomorph [81]. A principal component analysis (PCA) was
performed on the whole sample to visualise the spatial distribution of shape variations of
all specimens across species. Moreover, six independent PCA analyses were performed
on the SCC systems of each species in order to characterise the intraspecific variation of
this organ. For the SCC system and for each SCC, we also assessed intraspecific shape
variance [87] as a measure of morphological dispersion for each species; a resampling
procedure was used to compare the variances of the species [88].

2.6. Vestibular Fluctuating Asymmetry

Semilandmarks of each specimen’s left and mirrored-right vestibular SCC digitisations
(initial digitisation and replication) were slid along each curve so as to minimise bending
energy, and thereafter Procrustes-aligned. Subsequently, the FA component of SCC shape
variation was extracted and, following the nomenclature described in [83], for each species
we measured the FA10 index, which is a measure of the level of fluctuating asymmetry
within a population of individuals corrected for measurement error (ME). For these first
steps, we used the R Geomorph package [81]. For each specimen an “Asymmetry Score”
was computed as the square root of the trace of the variance-covariance matrix of the
FA component of SCC shape. A PCA was performed on the FA component of shape
variation to visualise the asymmetry pattern of the inner ear for all species. Moreover,
six independent PCA analyses of FA shape variation were performed for each species to
explore the asymmetry of the SCC system. We further assessed intraspecific FA shape
variance [87] as a measure of SCC asymmetric dispersion for each species, and a resampling
procedure was used to compare the FA dispersion levels among species [88]. Finally, for
each species, a 2-block partial least square (PLS) analysis between the symmetric and
the asymmetric fractions of SCC shape was performed using the R Morpho package [85].
The significance of the covariance found between these two blocks was assessed using a
permutation procedure.
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3. Results

Measurement Error was estimated as 4.94%, implying that our acquisition protocol
was repeatable at 95%.

3.1. Intraspecific Variation in Orientation and Size of the Semicircular Canals
3.1.1. Angular Values

For the three pairs of SCCs and for left and right SCC systems, G. moholi and P. granti,
the fastest species in our sample, exhibited wider mean angles both between the LSCC
and PSCC, and between the LSCC and ASCC, than the four other species. Mean angular
values between the anterior and posterior SCCs were, however, similar across species.
Furthermore, slow taxa expressed almost twice the angular variance as that observed in
fast taxa (see Table 1). Only O. crassicaudatus showed similar angular variance values to the
lorisid species for the angle between the ASCC and PSCC. Moreover, the mean deviation
from coplanarity between synergistic pairs of SCCs was almost always twice as high in
lorisid species as it was in galagids, and angular variance between synergistic pairs of SCCs
was up to ten times higher in lorisids than in galagids. Otolemur crassicaudatus showed
similar levels of mean deviation from coplanarity and angular variance between left and
right LSCCs to the other galagid species. Left-right differences between angular values
measured within each ipsilateral pair of SCCs tended to be much higher and much more
variable within the three lorisid species and O. crassicaudatus than in G. moholi and P. granti.
In other words, N. coucang, P. edwardsi, L. tardigradus and O. crassicaudatus show higher
levels of angular asymmetry than G. moholi and P. granti.

3.1.2. SCC Size and Common Crus Length

For all species except P. granti, the LSCC was the most variable canal in terms of CS.
There was a global trend towards higher levels of CS variance for the three SCCs in lorisids
than in galagids (see Table 2). Among galagids, P. granti expressed the highest centroid
size variation levels. For the common crus length, mean values were higher in slow taxa
than in fast taxa. Moreover, among the six species, N. coucang and P. edwardsi expressed
CCL variance levels at least six times higher than in the other four species (L. tardigradus
included). There was also a trend towards higher levels of CS asymmetry between left and
right SCCs in lorisid species and O. crassicaudatus than in P. granti and G. moholi, particularly
for the ASCC. No such trend was observed for CCL asymmetry.

3.2. Semicircular Canal Shape Variation
3.2.1. Interspecific Patterns of Shape Variation Revealed by PCA

The SCC systems of the Galagidae and Lorisidae species were clearly separated in
shape space (see Figure 3). Differentiation occurred mainly along the first axis (PC1), which
accounted for 58.6% of the total variation. Patterns of shape variation along the PC1 axis
showed (in accordance with [10,12,89]) that lorisids have relatively small LSCCs, whereas
those of the faster galagids are relatively larger. Specimens of O. crassicaudatus showed
intermediate projection values along PC1. Within lorisids, the three species projected onto
similar scores within the PC1-PC2 space but could be discriminated from one another along
subsequent PC axes. The projection scores for each species were related to the amount of
SCC shape variance.
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Table 1. Species-specific mean angles (in degrees), angle variances and angular asymmetry. The term “Asymmetry” (Asym)
here refers to the absolute value of the difference between angles measured within left and right vestibuli for each ipsilateral
pair of canals. For synergistic pairs of SCCs, the measures correspond to the means of the angle deviation from coplanarity
(deviation from 180◦), and the variance of the deviation from coplanarity. l_lat: left lateral SCC; l_ant: left anterior SCC;
l_post: left posterior SCC; r_lat: right lateral SCC; r_ant: right anterior SCC; r_post: right posterior SCC.

Measure G. moho. P. gran. O. cras. L. tard. N. couc. P. edwa.

Left vestibulum Mean(l_lat ] l_post) 95.33 94.55 87.77 87.61 88.21 89.28
VAR(l_lat ] l_post) 4.30 11.67 7.64 36.17 22.04 30.78
Mean(l_lat ] l_ant) 91.57 89.52 82.10 77.71 84.21 80.49
VAR(l_lat ] l_ant) 5.05 7.13 11.68 25.84 26.41 40.55
Mean(l_ant ] l_post) 94.35 94.63 97.80 92.85 91.44 95.44
VAR(l_ant ] l_post) 4.06 4.31 10.94 10.57 12.72 11.09

Right vestibulum Mean(r_lat ] r_post) 95.40 94.17 87.61 87.35 87.63 89.65
VAR(r_lat ] r_post) 3.83 9.32 7.73 36.59 18.90 23.01
Mean(r_lat ] r_ant) 91.05 89.27 82.04 77.46 85.43 80.74
VAR(r_lat ] r_ant) 5.58 6.30 13.29 23.10 29.12 29.25
Mean(r_ant ] r_post) 94.67 94.61 97.85 92.74 91.54 95.73
VAR(r_ant ] r_post) 4.19 4.42 9.68 10.09 14.26 12.39

Both vestibuli Mean(6 ipsilateral ]) 93.7 92.8 89.2 86.0 88.1 88.6

Synergistic pairs of
SCCs Mean(l_lat ] r_lat) 4.39 6.64 11.90 13.00 9.13 11.58

VAR(l_lat ] r_lat) 16.20 12.55 42.64 122.09 30.78 97.10
Mean(l_ant ] r_post) 6.09 5.05 5.21 11.13 11.37 12.27
VAR(l_ant ] r_post) 5.08 5.38 7.27 49.65 32.01 28.52
Mean(l_post ] r_ant) 6.28 4.97 5.25 10.42 11.36 12.17
VAR(l_post ] r_ant) 5.67 5.05 6.70 60.17 34.46 28.58

Asymmetry Mean(Asym(lat ] post)) 0.78 0.68 1.04 1.30 1.50 1.23
VAR(Asym(lat ] post)) 0.39 0.35 0.53 0.51 1.21 0.52
Mean(Asym(lat ] ant)) 0.70 0.76 1.23 1.14 1.79 1.94
VAR(Asym(lat ] ant)) 0.39 0.52 1.51 0.94 2.41 2.45
Mean(Asym(ant ] post)) 0.79 0.63 0.81 0.73 1.06 1.06
VAR(Asym(ant ] post)) 0.35 0.24 0.37 0.33 1.27 0.84

The scores of P. edwardsi were the most widespread in the PC1-PC2 space; those of O.
crassicaudatus, N. coucang and L. tardigradus were intermediate; and those of the most ac-
tive/fast species (P. granti and G. moholi) occupied a much narrower area. Perodicticus edwardsi,
L. tardigradus and N. coucang exhibited twice as much or more SCC shape variance (SV) than
O. crassicaudatus, P. granti and G. moholi (Table 3). This was also true when each SCC was
considered separately. It is noteworthy that P. edwardsi exhibited the highest SV both for
the three SCCs considered together and for each SCC considered separately. SV levels were
significantly higher in all three lorisid species than in the three galagid species (see Table
S2), and usually higher when each SCC was considered separately, with one exception: the
difference in SV level between N. coucang on one hand, and P. granti and O. crassicaudatus on
the other, was not significant for the LSCC.

3.2.2. Intraspecific Patterns of Shape Variation

Species-specific patterns of shape variation are shown in Figure 4. While each species
displayed, to some extent, unique patterns of shape variation, some general trends were
observed. Most species showed high shape variation in the posterior part of the LSCC.
Among galagids, only O. crassicaudatus showed strong variation in the orientation and
size of the LSCC. Variation in shape, relative size and orientation were observed in all
three SCCs within L. tardigradus and P. edwardsi, and, to a lesser extent, within N. coucang.
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Table 2. Species-specific mean centroid sizes (CS), mean common crus length (CCL, in mm), rescaled (RSC) CS and CCL
variances for left and right vestibuli, and asymmetry (Asym). The term “Asymmetry” here refers to the absolute value of the
difference between left and right CCL and canal CS. Species-specific rescaling (RSC) was computed in order to achieve mean
(CS) = 1, and mean (CCL) = 1 for each of the six species so that variances, asymmetry means and variances are comparable
across species. l_lat: left lateral SCC; l_ant: left anterior SCC; l_post: left posterior SCC; r_lat: right lateral SCC; r_ant: right
anterior SCC; r_post: right posterior SCC.

Measure G. moho. P. gran. O. cras. L. tard. N. couc. P. edwa.

Left vestibulum Mean(CS(l_lat)) 8.66 8.39 9.48 5.88 7.36 7.62
VAR(RSC(CS(l_lat))) 0.0019 0.0037 0.0021 0.0050 0.0063 0.0081
Mean(CS(l_ant)) 8.24 7.88 10.88 7.83 10.10 10.06
VAR(RSC(CS(l_ant))) 0.0012 0.0021 0.0016 0.0031 0.0054 0.0074
Mean(CS(l_post)) 7.80 7.78 10.06 7.19 8.47 8.85
VAR(RSC(CS(l_post))) 0.0022 0.0031 0.0016 0.0032 0.0055 0.0064
Mean(l_CCL) 01.03 01.07 1.67 1.62 1.50 1.58
VAR(RSC(l_CCL)) 0.0085 0.0084 0.0089 0.0086 0.0619 0.0540

Right vestibulum Mean(CS(r_lat)) 8.66 8.40 9.51 5.91 7.34 7.66
VAR(RSC(CS(r_lat))) 0.0019 0.0038 0.0023 0.0050 0.0060 0.0082
Mean(CS(r_ant)) 8.27 7.86 10.84 7.85 10.10 10.03
VAR(RSC(CS(r_ant))) 0.0013 0.0017 0.0016 0.0035 0.0054 0.0074
Mean(CS(r_post)) 7.82 7.78 10.08 7.14 8.45 8.87
VAR(RSC(CS(r_post))) 0.0021 0.0031 0.0018 0.0030 0.0050 0.0060
Mean(r_CCL) 01.09 1.13 1.62 1.60 1.56 1.59
VAR(RSC(r_CCL)) 0.0064 0.0076 0.0070 0.0108 0.0342 0.0572

Asymmetry Mean(Asym(RSC(CS(lat)))) 0.0047 0.0060 0.0109 0.0117 0.0069 0.0145
VAR(Asym(RSC(CS(lat)))) 0.000011 0.000017 0.000069 0.000076 0.000021 0.000086
Mean(Asym(RSC(CS(ant)))) 0.0071 0.0068 0.0064 0.0116 0.0118 0.0098
VAR(Asym(RSC(CS(ant)))) 0.000026 0.000018 0.000030 0.000108 0.000069 0.000069
Mean(Asym(RSC(CS(post)))) 0.0071 0.0031 0.0096 0.0108 0.0117 0.0091
VAR(Asym(RSC(CS(post)))) 0.000023 0.000006 0.000053 0.000049 0.000104 0.000067
Mean(Asym(RSC(CCL))) 0.0709 0.0587 0.0446 0.0287 0.0895 0.0518
VAR(Asym(RSC(CCL))) 0.0017 0.0013 0.0015 0.0008 0.0031 0.0019

3.3. Semicircular Canal System FA Levels
3.3.1. Asymmetry Scores and FA10 Levels

Asymmetry scores and semicircular canal FA10 levels tended to be lower in fast-
moving species than in slow-moving species (see Figure 5 and Table 3). The mean value
of the ratio of FA10 and SV for the lorisid species ranged from 0.14 in L. tardigradus to
0.25 in N. coucang. Specimens of O. crassicaudatus had asymmetry scores intermediate
between those of the slowest- and fastest-moving species and their SCC FA10 level was
intermediate between those of P. granti and G. moholi, on one hand, and those of the three
lorisid species, on the other (see Figure 5, Table 3 and Table S2). Each lorisid species
showed 1.3 to 3.8 times higher SCC FA10 than each galagid species (see Table 3). Among
slow-moving species, L. tardigradus expressed the lowest asymmetry scores, with ranges
close to those observed in O. crassicaudatus (see Figure 5). Furthermore, the L. tardigradus
SCC FA10 level was 1.3 times higher than that of O. crassicaudatus, but this difference
was not significant (see Table S2). When the three SCCs were considered separately, the
same trend was observed: galagids tended to show less FA10 for each SCC than lorisids.
Among the six species, P. granti and G. moholi tended to have the lowest SCC FA10 scores;
Otolemur crassicaudatus and L. tardigradus were intermediate; and P. edwardsi and N. coucang
tended to express the highest SCC FA10 scores (see Table 3 and Table S2). One exception
worth noting is that the LSCC FA10 in L. tardigradus was the highest of all species studied.
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Table 3. Shape variance (SV) and asymmetry levels (FA10) for the three semicircular canals (3 SCCs), lateral semicircular
canal (LSCC), anterior semicircular canal (ASCC) and posterior semicircular canal (PSCC) for the six species.

G. moholi P. granti O. crassicaudatus L. tardigradus N. coucang P. edwardsi

3 SCCs SV 0.0015 0.0018 0.0020 0.0044 0.0039 0.0054
3 SCCs FA10 0.00035 0.00026 0.00046 0.00062 0.00099 0.00083
LSCC SV 0.0009 0.0013 0.0013 0.0029 0.0022 0.0043
LSCC FA10 0.00045 0.00037 0.00059 0.00132 0.00087 0.00106
ASCC SV 0.0011 0.001 0.0011 0.0028 0.0023 0.0037
ASCC FA10 0.00030 0.00021 0.00037 0.00055 0.00107 0.00086
PSCC SV 0.0013 0.0012 0.001 0.003 0.0022 0.0033
PSCC FA10 0.00043 0.00024 0.00038 0.00054 0.00100 0.00083

3.3.2. Shared Patterns of FA Shape Variation

Patterns of FA variance shared by the six species are presented in Figure 6. PC1
described asymmetrical bending of the posterior part of the LSCC and of the superior
portion of the ASCC, and asymmetry in the relative size of the PSCC. Variation along PC2
mainly described asymmetrical torsion of the anterior portion of the ASCC, and variation
in the relative size and orientation of the LSCC. The projection scores for each species
were related to the amount of asymmetrical shape variance. The scores of the three lorisid
species were more widespread than those of the three galagid species in PC1-PC2 FA space.
Among lorisids, N. coucang exhibited the most widespread PC1-PC2 FA scores, followed
by P. edwardsi. Loris tardigradus and O. crassicaudatus had similar projection scores, and
P. granti and G. moholi, the lowest.
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3.3.3. Intraspecific Patterns of FA Shape Variation

Species-specific patterns of asymmetrical shape variation are shown in Figure 7.
Semicircular canal asymmetry patterns almost exclusively affected the LSCC in P. granti
and G. moholi. Otolemur crassicaudatus also showed asymmetrical patterns for the LSCC
(mostly differences in its relative orientation and deviation from planarity), as well as the
ASCC (asymmetrical torsion of its superior part, and asymmetrical variation in orientation).
All species showed asymmetrical patterns affecting the posterior portion of the LSCC. The
asymmetry patterns of the three lorisid species also affected the torsion, relative size and
relative orientation of the ASCC, as well as the shape and relative size of the PSCC. In
each species, the permutation procedures associated with the 2-block PLS analysis showed
that the correlation between the symmetrical and asymmetrical components of SCC shape
variation was not significant.
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4. Discussion

The idealised vertebrate SCC system, in order to detect movements in three-dimensional
space efficiently, follows the following interconnected rules [28]: (i) the left and right SCC
systems are symmetrical; (ii) the three synergistic pairs of canals are coplanar and work in a
push-pull fashion (when one is activated, the other one is inhibited); and (iii) all ipsilateral
pairs of canals are orthogonal. A fourth implicit rule of this canonical model is that (iv) all
canals are circular and planar. While increasing evidence of deviation from this idealised
model has been documented (see [90] for a review), most of the investigative efforts that
link vestibular morphology to locomotor behaviours within vertebrates have focused on
SCC dimensions (mean radius of curvature R of all three SCCs) relative to body mass (for
a review, see [11]). Only recently has the general validity of the canonical model been
questioned, and the functional implications of deviations from this idealised representation
explored [15,16,26,27,30]. Furthermore, mammalian species showing high levels of intraspe-
cific vestibular morphological plasticity tend to have slow locomotor behaviours [29,31,32].
Only a handful of studies have investigated the first rule of the canonical model (i.e., symme-
try) in mammals [16,32,34,35]. To our knowledge, within vertebrates, only two studies have
used the theoretical and methodological concepts dedicated to investigating the SCC system
symmetry [91,92]. Here, we investigated the intraspecific variation and symmetry of the 3D
semicircular canal morphology among six species of lorisiform primates.
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4.1. Interspecific and Intraspecific Semicircular Canal Morphological Variation

Semicircular canal morphologies of the “slow” lorisids and “fast” galagids are clearly
differentiated in shape space. As tempting as it is to link these shape differences to variation
in locomotor behaviours and/or agility, such morphological differences might also largely
be explained by phylogeny [93–98].

Investigating levels of intraspecific variation of the SCC system is another approach
that has recently been applied to mammalian and primate species: significantly higher
levels of vestibular shape variation have been reported in slow-moving than in fast-moving
species [29,31,32]. Likewise, in the present study, we report SCC shape variance levels in
G. moholi, P. granti (agility score = 6) and O. crassicaudatus (agility score = 4) about half as
much as those of the three slower lorisid species of our sample, L. tardigradus, P. edwardsi
and N. coucang (agility score = 2). Our results further support the hypothesis that there is a
correlation between SCC intraspecific variance and agility.

As stated in the introduction, our sample contains a few Nycticebus specimens for
which the species attribution is uncertain. Accordingly, the variability measures (regard-
ing the size of the SCCs, the angles and shape) that we provided for N. coucang may be
overestimated and, to some extent, reflect interspecific differences. Using intraspecific SCC
variability measurements as a proxy for agility may thus be sensitive to species misclassifi-
cation. Measures of SCC CS variance, angular variance and shape variance reported for N.
coucang, however, are very similar to those of P. edwardsi, and often smaller, implying either
that our Nycticebus sample is not heterogeneous in terms of species composition, or that
SCC morphological differentiation in different species of Nycticebus (excluding the pygmy
slow loris) is negligible.

4.2. Orthogonality and Angular Variance

Two studies [16,27] have reported strongly negative correlations between SCC devia-
tion from orthogonality and agility, sensu lato (measured in these works by a metrics called
90var, the variance from 90◦ among all ipsilateral canal pairs). However, we found no trend
towards higher deviations from orthogonality in ipsilateral canal pairs in slow-moving
taxa. The two slowest species (N. coucang and P. edwardsi) we investigated exhibited an
average deviation from 90◦ of 1.9◦ and 1.4◦, respectively, while the two fastest taxa, G.
moholi and P. granti, had a mean deviation from 90◦ of 3.7◦ and 2.8◦, respectively. Our
results are in accordance with previously published claims [15,29,30] that deviation from
orthogonality is not a good proxy for estimating the sensitivity of the SCC system, and
thus agility. Currently, existing evidence suggests that among primates, and possibly in all
mammals, a fair tolerance regarding deviation from orthogonality between SCC pairs is
the general rule.

We report that intraspecific angular variation of ipsilateral pairs of canals is lower in
fast-moving species, and especially in G. moholi and P. granti. Our results thus support the
hypothesis that species that perform rapid postural adjustments need SCC systems with
low levels of angular variation rather than perfect orthogonality between pairs of SCCs.

4.3. Coplanarity of Synergistic Canal Pairs

In their phylogenetically controlled analysis involving a large number of species, Berlin
et al. [16] found no evidence of a relationship between estimated “vestibular sensitivity”
(“sensitivity mean”, developed by [99], is computed using the radii of curvature of the
six SCCs, and is strongly correlated with R, and hence with body mass) and coplanarity
of synergistic pairs of SCCs. However, the authors did not take into account body mass
variation in their sample, and we suspect they might have tested a correlation between
coplanarity and a proxy that relates more to body mass than to agility or locomotion. In the
present study, and in opposition to Berlin et al. [16], we found that synergistic canal pairs
tend to deviate, on average, around twice as much from coplanarity in slow-moving than
in fast-moving species. In addition, we detected up to 10 times higher levels of intraspecific
variance in deviation from coplanarity when comparing slow-moving and fast-moving taxa.
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Among the three synergistic pairs of SCCs, the variance in the deviation from coplanarity
between the two lateral canals is greater than that between contralateral anterior and
posterior canals. High amounts of deviation from coplanarity between right and left lateral
canals have been interpreted by Berlin et al. [16] as an indication that the lateral canal is an
imprecise indicator of habitual head orientation (resting or active). However, our results
suggest that high amounts of variation in deviation from coplanarity are probably better
related to a lower demand for rapid postural adjustments.

The second rule of the idealised SCC canonical model states that for functionally
optimal SCC systems, the three synergistic canal pairs should be coplanar, and that they
work in a push-pull fashion [28,100]. Our results suggest that to remain optimally efficient,
the SCC system of fast-moving primate species (and hence possibly of other mammals)
should deviate as little as possible from coplanarity. Basically, our results support the
hypothesis that deviation from perfect coplanarity of synergistic pairs of canals results in a
much greater loss of SCC sensitivity than deviation from perfect orthogonality between
ipsilateral pairs of canals.

4.4. Semicircular Canal Phenotypic Variation and Canalisation Mechanisms

Our results strengthen support for the hypothesis that in fast-moving species, higher
selective pressures are applied to SCC morphology to maintain optimal sensitivity [29,31,32].
It is tempting to suggest that at least a fraction of SCC phenotypic variation levels observed
in our set of species is due to canalisation mechanisms. Phenotypic variance levels, when
measured in environmentally controlled and genetically controlled conditions (ideally in
different genetically well-known populations belonging to the same species), are often
used as an index of canalisation [101–103]. The design of our study does not meet such
requirements. However, given the unequivocal differences in SCC phenotypic variation
levels observed between slow-moving and fast-moving species, our results give support to
the hypothesis that SCC morphology is less canalised in slow-moving primates.

4.5. Semicircular Canal Symmetry

Investigating symmetry/asymmetry levels of SCC structures (shape, SCC size, and
angle between SCCs) is the most original aspect of our work, and is fully complementary
to the results discussed above. Semicircular canal radius asymmetry and angle asymmetry
levels (differences between left ear and right ear angles measured for each ipsilateral
SCC pair) have been reported at the interspecific [16,34] and intraspecific [32,35] levels: in
particular, low correlations between SCC angular asymmetry and estimated SCC sensitivity
or agility levels have been found within a broad sample of mammalian species [32,34].
In this study, we analysed the angular symmetry as well as the SCC shape variation,
quantifying interspecific, intraspecific and individual symmetry. Such decomposition of
symmetry patterns, and in particular the use of fluctuating asymmetry, is innovative in the
context of a functional evaluation of SCC morphology. Our results show that asymmetry
clearly carries a signal correlated with agility: more agile (fast-moving) species have more
symmetrical SCC systems than less agile (slow-moving) taxa. Species with intermediate
agility scores (e.g., O. crassicaudatus) also present intermediate values of symmetry. In
lorisids, N. coucang and P. edwardsi have low agility scores and are highly asymmetrical
for most traits (angle between SCCs, SCC size and shape), while SCC asymmetry levels
in L. tardigradus tend to be lower. Significantly, L. tardigradus express around a quarter of
their locomotor activity as rapid quadrupedal walking [70], indicating that their locomotor
capabilities may be different from those of N. coucang and P. edwardsi. Important differences
in foraging behaviours exist among these three species. Nycticebus spp. are specialised
exudate feeders. While pottos are more frugivorous than slow lorises, they also feed on tree
exudates, although they do not engage in tree-gouging like slow lorises, feeding on natural
tree wounds instead. Exudate feeding leads to spending long periods of time clinging to
vertical tree trunks. On the other hand, L. tardigradus does not feed on tree exudates and is
mainly insectivorous [104]. Hence, the low agility score (2) given to L. tardigradus by Spoor
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et al. [11] might be an underestimate, and a value closer to that given to O. crassicaudatus
(4) may be more accurate.

Loris tardigradus had intermediate scores for SCC asymmetry: significantly higher than
those of G. moholi and P. granti; similar to or slightly higher than those of O. crassicaudatus;
and lower than those of N. coucang and P. potto, indicating, in accordance with field observa-
tions of locomotor modes, that asymmetry levels (particularly FA) constitute better proxies
than intraspecific variation as estimates of agility. In our lorisid sample, N. coucang and
P. edwardsi were the species with the lowest agility and also showed the highest asymmetry.
However, N. coucang is the least variable lorisid regarding SCC system shape (even though
we may have a slightly heterogeneous assemblage of taxa), making it clear in this instance
that asymmetry is a more accurate indicator of agility than intraspecific variation. Further-
more, asymmetry levels are likely to be weakly affected by taxonomic errors in samples
that contain cryptic species sharing the same type of locomotion, as for the larger Nycticebus
species. FA levels computed for heterogeneous samples of closely related species with a
common locomotor repertoire will not differ much from more homogenous samples, so
that FA levels are less likely to yield erroneous agility estimates than intraspecific shape
variance scores. Our results suggest that deviation from perfect symmetry between left
and right SCC systems has a major negative impact on SCC sensitivity.

4.6. Canalisation and Developmental Stability

Two processes are classically identified in the reduction of variation: developmen-
tal stability and canalisation [105]. Developmental stability buffers random variations
that may occur during development, often under stress. Canalisation indicates robust-
ness to environmental changes and mutations, reducing inter-individual variation within
species [106]. If FA can be considered as a measure of developmental stability (low FA
level indicating higher stability), phenotypic variation is a measure of canalisation (low
phenotypic variation means high canalisation) [101,102]. These processes can act together
or in opposition.

Many attempts have been made to infer whether the same underlying developmental
processes contribute to developmental stability and canalisation by investigating the corre-
lation between FA variation and inter-individual variation patterns (for a review, see [36]).
Several studies have reported a significant correlation (e.g., [107–110]) while others have
rejected such correlation (e.g., [103,111]). In most cases in our sample, species with the
highest levels of intraspecific SCC variation also expressed the highest level of FA. Further-
more, some of the SCC shape and FA variation patterns shared similarities. In galagids,
FA and SV variation mainly occurred along the posterior part of the LSCC. In lorisids,
similar FA and SV variation patterns were observed in the orientation and relative size
of the anterior and posterior positions of the LSCC, as well as along the other two canals.
However, in each species, FA and phenotypic variation were not significantly correlated;
but this lack of correlation is insufficient to ascertain the independence of the underlying
mechanisms responsible for canalisation and developmental stability. Canalisation may
account for only a fraction of the observed levels of SCC SV, or intraspecific SCC variation
may have other causes (such as environment, genetics), which obscure the canalisation
signal. Hence, based on our results, we cannot rule out the possibility of the existence of
shared mechanisms responsible for intra- and inter-individual variances. In 2005, Willmore
et al. [112] analysed the correlation between FA and phenotypic variation in the cranial
morphology of rhesus macaques (Macaca mulatta) and found them to be congruent. They
interpreted this congruence as an overlap of the perturbations and buffering mechanisms
for intra-and inter-individual variances. From our results, it is not possible to gain a clear
and testable interpretation of the processes responsible for SCC variation, but we can
speculate that, in our case, perturbations and buffering mechanisms seem to overlap for
intra-individual and intra-specific variations, explaining the shared patterns of FA and SV
variation.
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Our study design does not permit us to demonstrate the existence of shared devel-
opmental mechanisms that minimise inter- and intra-individual SCC shape variances.
However, the reduced SCC shape and FA variations in fast-moving species compared with
slow-moving ones imply that selective pressures act to maintain a high degree of intra- and
inter-individual SCC stability in fast-moving species.

4.7. Heritability

Another question relevant to our results is the heritability of asymmetry. Available
evidence based on quantitative genetic analyses, traditional linear measurements or geo-
metric morphometrics suggests that the heritability of FA is very low [113–115]. Whatever
the method used or the system analysed, the heritability of FA does not reach more than
1%. Other authors [116] have qualified these results with respect to size and shape vari-
ation in Drosophila melanogaster wings and explained that if the heritability of FA is low,
the heritability of developmental instability can reach 20%. A meta-analysis of individ-
ual fluctuating asymmetry in morphological characters also supported the heritability
of developmental stability [117]; the authors concluded that additive genetic variance of
developmental instability exists and that FA contributes to this variance. The heritability of
developmental stability was tested again in Drosophila melanogaster, which presents a high
level of FA when the Cyclin G gene is overexpressed [106]. Our study design does not allow
this level of analysis. The estimation of heritability of developmental stability is possible
under experimental (controlled) conditions, but much more difficult when working with
individuals from natural populations of different species. Moreover, most studies focusing
on the heritability of developmental stability were conducted over a short period of time
on animals with short intergenerational times; two essential conditions for an experimental
study to be feasible.

Nevertheless, our study indicated that selection acts to maintain a high degree of
developmental stability in fast-moving lorisiform species. Our observations reflect the
results of natural selection that has acted over tens of millions of years on animals with
intergenerational times much longer than those of fruit flies. As we could not control for
environmental effects, these will have been added to uncontrolled genetic effects [105].
Therefore, we propose that observed differences in FA levels between slow-moving and fast-
moving lorisiform species reflect the cumulative effects of differential selective pressures
applied to the SCC system over long periods of geological time.

5. Conclusions

Our results suggest that slight deviations from the first (symmetry) and second (copla-
narity between synergistic pairs of SCCs) rules of Graf’s canonical model of the vertebrate
SCC system result in a significant loss of SCC sensitivity. Furthermore, the evidence pre-
sented here suggests that the symmetry level between the left and right SCC systems is a
promising proxy for agility. Should the generality of our findings be confirmed, palaeontol-
ogists would possess a powerful means of inferring locomotor behaviour in extinct species
for which several specimens exist with both bony labyrinths preserved.

Additionally, a fair tolerance for deviation from the third rule (i.e., orthogonality)
seems to be true in Primates, and possibly in all mammals. Higher levels of selection seem
to act to maintain SCC morphological stability in fast-moving species than in slow-moving
species. Such selective pressures would mostly affect the developmental mechanisms that
act prenatally, during the formation of the SCC system, when the petrosal bones are not yet
fully ossified. In our study, we analysed fully formed bony labyrinths of specimens, the
vast majority of which were adult individuals. Our results urge further investigation of the
morphology, position and orientation of left and right SCC systems during prenatal and
postnatal development.
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5.1. Prenatal Developmental Timing of the Semicircular Canal System

Variations in levels of FA could also result from differences in the length and timing of
vestibular development. It is difficult to estimate this other than by comparing gestation pe-
riods. Gestation is approximately 130 days in G. moholi, unknown in P. granti, 126–135 days
in O. crassicaudatus, but longer in N. coucang (185-197 days), L. tardigradus (165–175 days)
and P. edwardsi (193–205 days) [58]. In these species, little is known about the time required
from birth for the offspring to become independent in terms of locomotion. Would shorter
vestibular development be correlated with earlier independence? Our results indicate that
species with shorter gestation lengths (r-selected species, i.e., galagos) have lower levels of
FA; lorisids are highly K-selected. We can thus hypothesise a difference in the timing of
morphogenesis of the vestibular system, considering that if the vestibular systems develop
faster in species with shorter gestation, they become functional earlier, and are less subject
to variation than those of species with longer gestation periods.

5.2. Postnatal Relative Position and Orientation of Labyrinths

The mammalian bony labyrinth is known to reach its adult size and shape as soon as,
or soon after, the ossification of the otic capsule [118–122]. However, the relative orientation
of the left and right SCCs changes during ontogeny [123,124], at least in Homo sapiens, as
the relative position and orientation of the two petrosal bones change along with the
development of the rest of the basicranial region. We found that in slow-moving species, a
trend exists towards higher levels of angular variation between synergistic pairs of SCCs.
While higher intraspecific levels of morphological variation of the SCCs may explain the
largest part of this greater intraspecific variation of the angles observed in synergistic pairs
of canals, we cannot exclude the notion that a part of this variation is due to deviation from
optimality of the relative left and right bony labyrinth positions and orientations across the
midsagittal plane. The optimal relative position is indeed reached if the left bony labyrinth
is positioned as a mirror image of the right one through the midsagittal plane, and the
two SCC systems are orientated such that deviation from coplanarity between pairs of
synergistic pairs of SCCs is minimised.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/sym13122305/s1, Table S1: Specimen list. Table S2: Tests for difference significance in
semicircular canal shape variance (SV), semicircular canal FA10 levels, LSCC SV, LSCC FA10, ASCC
SV, ASCC FA10, PSCC SV, PSCC FA10 in all pairs of species (1000 times resampling procedure
each time).
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