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ABSTRACT
The semicircular canals of the inner ear detect head rotations and

trigger compensatory movements that stabilize gaze and help maintain
visual fixation. Mammals with large eyes and high visual acuity require
precise gaze stabilization mechanisms because they experience dimin-
ished visual functionality at low thresholds of uncompensated motion.
Because semicircular canal radius of curvature is a primary determinant
of canal sensitivity, species with large canal radii are expected to be capa-
ble of more precise gaze stabilization than species with small canal radii.
Here, we examine the relationship between mean semicircular canal
radius of curvature, eye size, and visual acuity in a large sample of mam-
mals. Our results demonstrate that eye size and visual acuity both
explain a significant proportion of the variance in mean canal radius of
curvature after statistically controlling for the effects of body mass and
phylogeny. These findings suggest that variation in mean semicircular
canal radius of curvature among mammals is partly the result of selection
for improved gaze stabilization in species with large eyes and acute
vision. Our results also provide a possible functional explanation for the
small semicircular canal radii of fossorial mammals and plesiadapiforms.
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The ability of the mammalian retina to sample a well
focused and undistorted image is dependent both on the
eye’s optical features and an animal’s ability to stabilize
an image on the retina. Any uncompensated movements
of the head that prevent an animal from maintaining
visual fixation will necessarily impair visual functional-
ity (Walls, 1942; Land, 1999; Land and Nilsson, 2012).
Mammals largely solve this problem of image stabiliza-
tion by producing reflexive compensatory movements of
the eyes in response to head movements (i.e., the
vestibulo-ocular reflex) and of the head in response to
body movements (i.e., the vestibulocollic reflex; Land,
1999; Land and Nilsson, 2012; Purves et al., 2012). The
importance of maintaining visual stability in species
with image-forming eyes is underscored by the conver-
gent evolution of similar mechanisms of gaze stabiliza-
tion in vertebrates, arthropods, and cephalopods
(Collewijn, 1970; Hateren and Schilstra, 1999; Land,
1999; Land and Nilsson, 2012).

Uncompensated head movements are expected to be
more problematic for vertebrates with high visual acuity
and/or large eyes. Species adapted for high visual acuity
tend to have smaller retinal ganglion cell receptive field
centers as an adaptation for improving spatial resolution
(Kirk and Kay, 2004; Silveira et al., 2005). Small uncor-
rected movements of the retinal image that might
degrade spatial resolution in species with small recep-
tive field centers could in theory remain undetected by
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species with relatively large receptive field centers. Fur-
thermore, if eye morphology is held constant, uncor-
rected head movements will produce absolutely greater
displacements of the retinal image in species with large
eyes compared with species with smaller eyes (Fig. 1).
As a result, absolutely larger eyes should experience
diminished visual functionality at lower thresholds of
uncompensated motion than absolutely smaller eyes.
Species with absolutely large eyes and acute vision are
therefore expected to require more precise mechanisms
of gaze stabilization than species with small eyes and
low acuity. Anecdotal evidence supports the hypothesis
that animals with higher acuity stabilize their gaze
more precisely and permit less motion of images across
photoreceptors than those with lower acuity (Howard
et al., 1984; Land, 1999). However, the relationship
between eye size, visual acuity, and gaze stabilization
has not previously been examined in mammals using
quantitative comparative data.

In mammals, the ability to sense head rotations and
produce compensatory movements that stabilize the eyes
is mediated by the semicircular canals of the inner ear.
These toroidal ducts in the temporal bone contain mem-
branous endolymph-filled channels that are continuous
with the utricle. As the head rotates, endolymph in one
or more of the semicircular canals flows due to inertia.
Such endolymph movements lead to deflection of sensory
hair cell stereocillia in the vestibular end-organ (crista)

located at the base of each semicircular duct. Stereocilia
deflection changes the receptor potential and rate of
neurotransmitter release by hair cells in the crista, thus
modulating the firing rates of afferent vestibular neu-
rons (Purves et al., 2012). Afferent signals from the six
semicircular canals are integrated with visual and pro-
prioceptive inputs to elicit the gaze stabilizing vestibulo-
ocular and vestibulocollic reflexes (Green and Shaikh,
2005; Angelaki and Cullen, 2008; Purves et al., 2012).
These reflex pathways produce compensatory move-
ments of the eye and neck that are opposite the direction
of head motion and thus help to maintain visual fixation
(McIlwain, 1996; Green and Shaikh, 2005; Land and
Nilsson, 2012; Purves et al., 2012).

Among mammals, the sensitivity of the vestibular sys-
tem in detecting head rotations is strongly influenced by
semicircular canal radius of curvature. As the radius of
curvature of a semicircular canal increases, the sensitivity
of the canal to angular accelerations also increases (Jones
and Spells, 1963; Howland, 1971; Howland and Masci,
1973; Spoor and Zonneveld, 1998; Yang and Hullar, 2007,
Berlin et al., 2013). As a result, species with absolutely
large canal radii should be able to detect and compensate
for smaller head movements than species with absolutely
small semicircular canal radii. Given the need for precise
gaze stabilization in species with absolutely large eyes
and high visual acuity, we therefore expect axial eye
diameter (AD) and visual acuity to be positively correlated
with mean semicircular canal radius of curvature (SCR).
Here, we test this hypothesis through a phylogenetically
controlled analysis of SCR, AD, and visual acuity in a
large comparative sample of mammals. In so doing, we
seek to better understand (1) the selective factors influ-
encing the evolution of more precise mechanisms of gaze
stabilization in mammals, (2) the causes of interspecific
variation in SCR and (3) the ecological and behavioral
inferences that can be made for fossil taxa based on semi-
circular canal morphology.

METHODS

The sample used here includes data for 104 species
from 16 mammalian orders (Table 1). Cetaceans and chi-
ropterans were excluded from this analysis due to their
derived vestibular anatomy (Kandel and Hullar, 2010;
Davies et al., 2013). Microphthalmic taxa (i.e., bathyerg-
ids, caenolestids, soricids, talpids and tenrecids) were
also excluded because of their highly reduced visual
anatomy. Data on SCR and “agility category” were taken
from Spoor et al. (2007). Body mass data were taken
from Smith and Jungers (1997) for primates and from
Silva and Downing (1995) for non-primate mammals.
Data on AD (the distance between the anterior-most
point of the cornea and the posterior-most point of the
sclera) were taken from Ross and Kirk (2007) for prima-
tes and dermopterans and from Ritland (1982) for all
other species. Measurements of visual acuity for 33 spe-
cies were taken from published sources listed in Table 1.
Data on activity pattern were taken from Ross and Kirk
(2007) and Sheppard et al. (2009).

We used multiple statistical methods to evaluate the
relationship between eye size, visual acuity, and semicir-
cular canal size. All analyses were conducted using R sta-
tistical analysis software (R Core Development Team,
2008) with the caper, geiger, and nlme packages (Pinheiro

Fig. 1. Effect of eye size on absolute displacement of the retinal
image due to uncorrected head movements. In this schematic example,
two eyes have identical shape but differ in axial diameter; here the
larger eye has an axial diameter approximately twice that of the smaller
eye. Both eyes are positioned so that a point target is the same dis-
tance from the posterior nodal point (PNP; position approximate).
Uncorrected head movements cause the relative position of the point
source in object space to shift (arrow) by the same magnitude (a) for
each eye. This relative shift in the location of the visual target leads to a
shift in retinal image position in the larger eye (2 3 b) that is twice the
magnitude of the shift in retinal image position in the smaller eye (b).
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TABLE 1. Raw data used in analyses

Order Species BM (g)
SCR
(mm)

AD
(mm)

Acuity
(c/deg)

Agility
score

Activity
pattern Sourcesa,b

Artiodactyla Camelus dromedariusc 415000 3.6 40.0 10.4 4 D 1, 2,3,4,2,5
Gazella bennetti 23000 2.6 8.5 – 4 C 1,2,3,-,2,5
Oryx beisac 198625 2.9 37.1 – 4 C 1,2,3,-,2,5

Carnivora Felis catus 3601 1.8 27.4 – 4 C 1,2,3,-,2,5
Lutra lutra 8175 1.9 10.3 – 5 C 1,2,3,-,2,5
Lynx rufusc 9750 2.3 27.4 8.0 4 C 1,2,3,6,2,5
Mustela nivalis 87 1.1 5.4 2.2 4 C 1,2,3,7,2,5
Panthera leo 148750 3.3 36.9 – 4 C 1,2,3,-,2,5
Panthera tigris 150100 3.0 35.0 – 4 C 1,2,3,-,2,5
Procyon cancrivorusc 6994 2.2 13.4 – 3 C 1,2,3,-,2,5
Vulpes vulpes 5000 2.0 20.1 – 4 N 1,2,3,-,2,5

Dermoptera Cynocephalus volans 1000 1.9 13.4 – 6 N 1,2,5,-,2,5
Didelphimorphia Didelphis virginiana 2195 1.2 8.7 2.4 2 N 1,2,3,8,2,5
Diprotodontia Macropus fuliginosus 62633 2.7 23.1 10.3 6 C 1,2,3,8,2,5

Petauroides volans 1300 1.7 8.7 – 6 N 1,2,3,-,2,5
Petaurus brevicepsc 140 1.2 10.1 – 6 N 1,2,3,-,2,5
Phalanger orientalis 2500 1.5 11.4 – 2 N 1,2,3,-,2,5
Pseudocheirus peregrinusc 781 1.7 8.7 – 4 N 1,2,3,-,2,5
Trichosurus vulpecula 3410 1.8 13.7 4.8 4 N 1,2,3,9,2,5

Lagomorpha Lepus europaeusc 3330 1.9 18.7 – 5 C 1,2,3,-,2,5
Perissodactyla Diceros bicornis 1000000 3.3 27.6 6.0 4 C 1,2,3,10,2,5

Equus caballus 250000 3.5 42.0 23.3 4 C 1,2,3,11,2,5
Primates Alouatta seniculusd 6700 2.4 17.1 62.1 2 D 12,2,5,8,2,5

Aotus trivirgatus 775 2.0 19.2 10.0 5 N 12,2,5,9,2,5
Ateles geoffroyic 7535 2.7 19.7 – 4 D 12,2,5,-,2,5
Cacajao calvusc 3165 2.3 19.2 – 4 D 12,2,5,-,2,5
Callicebus moloch 1020 1.9 13.1 – 4 D 12,2,5,-,2,5
Callicebus torquatusc 1245 2.1 13.0 – 4 D 12,2,5,-,2,5
Callimico goeldi 533 1.6 12.5 – 5 D 12,2,5,-,2,5
Callithrix jacchus 324 1.5 11.3 30.0 6 D 12,2,5,13,2,5
Cebus apellac 3085 2.2 14.1 46.8 4 D 12,2,5,14,2,5
Cercocebus torquatus 6200 2.5 19.4 – 6 D 12,2,5,-,2,5
Cercopithecus cephus 4290 2.2 17.2 – 4 D 12,2,5,-,2,5
Cercopithecus diana 5200 2.4 19.5 – 6 D 12,2,5,-,2,5
Cercopithecus mitis 7930 2.5 19.4 – 4 D 12,2,5,-,2,5
Cercopithecus nictitans 5465 2.4 17.6 – 4 D 12,2,5,-,2,5
Cheirogaleus major 400 1.5 12.6 – 4 N 12,2,5,-,2,5
Cheirogaleus medius 261 1.3 10.3 2.8 4 N 12,2,5,9,2,5
Chlorocebus aethiops 4099 2.3 9.9 55.4 4 D 12,2,8,8,2,8
Colobus guereza 9774 2.6 19.7 – 5 D 12,2,5,-,2,5
Colobus polykomos 9100 2.9 18.2 – 4 D 12,2,5,-,2,5
Daubentonia madagascariensis 2555 2.4 18.1 – 6 N 12,2,5,-,2,5
Erythrocebus patas 9450 2.5 22.5 – 6 D 12,2,5,-,2,5
Eulemur fulvus 2146 2.2 16.7 – 4 C 12,2,5,-,2,5
Eulemur macaco 2389 2.3 15.3 5.1 4 C 12,2,5,15,2,5
Eulemur mongoz 1606 2.3 15.5 – 4 C 12,2,5,-,2,5
Galago moholi 187 1.5 13.4 – 6 N 12,2,5,-,2,5
Galago senegalensis 220 1.6 12.9 6.7 6 N 12,2,5,16,2,5
Galagoides demidoff 62 1.3 11.0 – 4 N 12,2,5,-,2,5
Gorilla gorilla 120950 3.0 23.0 – 2 D 12,2,5,-,2,5
Hapalemur griseus 1091 2.0 13.8 – 4 D 12,2,5,-,2,5
Hylobates lar 5620 2.6 17.7 – 6 D 12,2,5,-,2,5
Hylobates molochc 6580 2.6 19.9 – 6 D 12,2,5,-,2,5
Lagothrix lagotricha 7367 2.5 20.0 – 3 D 12,2,5,-,2,5
Lemur catta 2210 2.1 15.6 7.0 4 D 12,2,5,17,2,5
Leontopithecus rosalia 620 1.5 11.2 – 6 D 12,2,5,-,2,5
Lophocebus albigena 8250 2.8 20.0 – 5 D 12,2,5,-,2,5
Loris tardigradus 220 1.2 14.9 – 2 N 12,2,5,-,2,5
Macaca fascicularis 4475 2.3 18.4 46.0 4 D 12,2,5,18,2,5
Macaca fuscata 9515 2.5 17.4 – 4 D 12,2,5,-,2,5
Macaca mulatta 9286 2.6 20.0 53.6 4 D 12,2,5,19,2,5
Macaca nemestrina 7771 2.5 20.4 46.0 4 D 12,2,5,18,2,5
Macaca sylvanusc 13550 2.6 19.7 – 4 D 12,2,5,-,2,5
Mandrillus sphinx 31600 2.8 23.1 – 4 D 12,2,5,-,2,5
Microcebus murinus 69 1.2 9.2 4.2 4 N 12,2,5,20,2,5
Nycticebus coucang 856 1.5 15.7 – 2 N 12,2,5,-,2,5
Otolemur crassicaudatus 1150 2.0 16.3 4.8 4 N 12,2,5,21,2,5
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et al., 2007; Harmon et al., 2008; Orme, 2012). All contin-
uous variables were log10-transformed prior to analysis.
First, we assessed the independent bivariate relationships
between SCR and both AD and visual acuity using Spear-
man rank correlations, ordinary least-squares (OLS)
regressions, and phylogenetic generalized least-squares
(PGLS) regressions (Table 2). Because body mass is corre-
lated with SCR, AD, and visual acuity (Spoor and Zonne-
veld, 1998; Kirk, 2006a; Ross and Kirk, 2007; Veilleux
and Kirk, in press), we also evaluated the relationships

between body mass and these three variables using
Spearman rank correlations, OLS regressions, and PGLS
regressions (Table 2). For all PGLS regressions, we esti-
mated the degree to which the relationship between vari-
ables could be explained by a Brownian motion model of
evolution using Pagel’s lambda (k; Pagel, 1999). Likeli-
hood ratio tests were used to compare our estimate of k to
both 0 (representing no influence of phylogeny on trait
distribution) and 1 (representing perfect correlation of the
data with phylogeny according to a Brownian motion

TABLE 1. (continued).

Order Species BM (g)
SCR
(mm)

AD
(mm)

Acuity
(c/deg)

Agility
score

Activity
pattern Sourcesa,b

Pan troglodytes 44967 2.7 20.9 64.3 4 D 12,2,5,22,2,5
Papio hamadryasc 16730 2.7 21.0 – 4 D 12,2,5,-,2,5
Perodicticus potto 985 1.7 12.4 – 2 N 12,2,5,-,2,5
Pithecia pitheciac 1940 2.2 14.0 – 4 D 12,2,5,-,2,5
Pongo pygmaeus 56950 2.6 21.5 – 2 D 12,2,5,-,2,5
Procolobus badius 8583 2.3 18.4 – 4 D 12,2,5,-,2,5
Propithecus diadema 6100 2.7 20.2 – 6 D 12,2,5,-,2,5
Propithecus verreauxi 3643 2.3 17.7 – 6 D 12,2,5,-,2,5
Saguinus oedipusd 418 1.5 11.8 25.9 6 D 12,2,5,8,2,5
Saimiri sciureus 759 1.9 15.5 40.5 6 D 12,2,5,19,2,5
Semnopithecus entellus 14533 2.5 22.0 – 4 D 12,2,5,-,2,5
Tarsius bancanusc 123 1.5 16.1 – 6 N 12,2,5,-,2,5
Tarsius syrichta 126 1.4 17.0 8.9 6 N 12,2,5,8,2,5
Theropithecus gelada 16567 2.5 19.6 – 4 D 12,2,5,-,2,5
Trachypithecus obscurus 7900 2.6 18.6 – 4 D 12,2,5,-,2,5
Varecia variegata 3508 2.2 18.5 – 4 D 12,2,5,-,2,5

Proboscidea Elephas maximus 3450000 3.6 30.0 – 3 C 1,2,3,-,2,5
Loxodonta africana 4540000 4.8 39.6 13.2 3 C 1,2,3,23,2,5

Rodentia Anomalurus derbianusc 453 1.7 14.0 – 6 N 1,2,3,-,2,5
Castor canadensis 18667 2.6 9.4 – 4 C 1,2,3,-,2,5
Cavia porcellus 1000 1.7 10.0 – 4 C 1,2,3,-,2,5
Chinchilla laniger 450 1.9 10.1 – 6 C 1,2,3,-,2,5
Erethizon dorsatum 10623 2.0 10.3 – 2 C 1,2,3,-,2,5
Glaucomys volans 59 1.3 8.3 – 6 N 1,2,3,-,2,5
Marmota monax 4075 2.6 12.1 – 4 D 1,2,3,-,2,5
Microtus pennsylvanicus 43 0.9 3.4 – 4 C 1,2,3,-,2,5
Peromyscus maniculatus 17 0.9 4.9 0.6 4 N 1,2,3,24,2,5
Rattus norvegicusc 270 1.3 6.3 1.6 4 N 1,2,3,25,2,5
Sciurus carolinensis 514 1.8 11.8 3.9 6 D 1,2,3,26,2,5
Sciurus niger 754 2.3 12.0 3.9 6 D 1,2,3,-,2,5

Scandentia Ptilocercus lowii 39 1.1 6.5 – 4 N 1,2,3,-,2,5
Tupaia glis 142 1.5 8.7 4.7 4 D 1,2,3,27,2,5
Tupaia minor 70 1.3 7.5 – 4 D 1,2,3,-,2,5
Urogale everetti 275 1.7 8.0 – 4 D 1,2,3,-,2,5

Sirenia Dugong dugon 425000 3.2 33.8 – 1 C 1,2,3,-,2,28
Xenarthra Zaedyus pichiy 1740 1.4 6.2 – 3 C 1,2,3,-,2,5

Choloepus hoffmannid 5720 1.7 13.3 1.5 1 N 1,2,3,8,2,5

Abbreviations BM 5 body mass, AD 5 axial eye diameter, SCR 5 mean semicircular canal radius of curvature, c/deg 5
cycles per degree, - 5 data not available, C 5 cathemeral, D 5 diurnal, N 5 nocturnal.
aSources listed in order of (1) body mass, (2) semicircular canal radius of curvature, (3) axial eye diameter, (4) visual acuity,
(5) agility score, and (6) activity pattern.
bSources: 1: Silva and Downing (1995); 2: Spoor et al. (2007); 3: Ritland (1982); 4: Harman et al. (2001); 5: Ross and Kirk
(2007); 6: Maffei et al. (1990); 7: Heffner and Heffner (1992); 8: Veilleux and Kirk (in press); 9: Freeman and Tancred
(1978); 10: Pettigrew and Manger (2008); 11: Timney and Keil (1992); 12: Smith and Jungers (1997); 13: Troilo et al.
(1993); 14: da Costa and Hokoç (2000; 15: Veilleux and Kirk (2009); 16: (Treff, 1966); 17: Neuringer et al. (1981); 18: De
Valois et al. (1974); 19: Cowey and Ellis (1967); 20: Dkhissi-Benyahya et al. (2001); 21: Langston et al. (1986); 22: Spence
(1934); 23: Pettigrew et al. (2010); 24: Rahmann et al. (1968); 25: Seymoure and Juraska (1997); 26: Jacobs et al. (1982);
27: Sch€afer (1969); 28: Sheppard et al. (2009).
cActivity pattern and AD data taken from congeneric species: Camelus bactrianus, Gazella dorcas, Oryx gazella, Lutra
annectens, Lynx canadensis, Procyon lotor, Petaurus sp., Pseudocheirus herbertensis, Lepus californicus, Ateles belzebuth,
Cacajao rubicundus, Callicebus sp., Cebus sp, Hylobates sp, Macaca sp., Papio sp., Pithecia monachus, Tarius sp., Anoma-
lurus sp, and Rattus rattus.
dAcuity data taken from congeneric species: Alouatta caraya, Choloepus didactylus, and Saguinus midas.
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model). Tree topology and branch lengths in our PGLS
analyses follow Bininda-Emonds et al. (2007).

To examine the influence of multiple predictor varia-
bles on SCR, we also conducted a series of PGLS multi-
ple regressions. These regressions include all possible
combinations of body mass, AD, and visual acuity as pre-
dictors of SCR (Table 3). To make models comparable,
the sample used in each multiple regression was limited
to the 33 species for which data are available for all
three predictor variables. Models were compared using
AICc values, which compensate for relatively small sam-
ple sizes better than standard AIC values (Burnham and
Anderson, 2002). Statistical models with (a) a higher
goodness of fit, (b) a smaller number of parameters, and
(c) a larger sample size are judged to have high relative
quality, indicated by a lower AICc value (Burnham and
Anderson, 2002).

In addition to controlling for body mass by including
it as a predictor variable in our multiple regression mod-
els, we also calculated partial regressions which modeled

the relationship between SCR and eye size or visual acu-
ity when body mass is held constant. Bivariate PGLS
regressions of all three variables of interest (AD, visual
acuity, and SCR) against body mass were calculated to
obtain residuals (ADres, acuityres, and SCRres). These
residuals were used to calculate PGLS partial regres-
sions (SCRres vs ADres and SCRres vs acuityres).

Among mammals, activity pattern has been shown to
influence eye morphology (Ritland, 1982; Martin, 1990;
Kirk and Kay, 2004; Martin and Ross, 2005; Kirk, 2006a;
Ross and Kirk, 2007; Hall et al., 2012) and locomotor agil-
ity has been suggested to influence SCR relative to body
mass (Spoor et al., 2007). To determine whether these var-
iables influence the observed relationship between SCR,
body mass, AD, and visual acuity, we included agility cat-
egory (Spoor et al., 2007) and diel activity pattern as co-
predictor variables in separate iterations of the best-fit
PGLS model for continuous data (Table 3). Agility cate-
gory is a qualitative assessment of locomotor agility,
ranked from 1 (least agile) to 6 (most agile) (Spoor et al.,

TABLE 2. Bivariate regression statistics

Variables n Model Slope y-Intercept P-value Adjusted r2 q k

log10 SCR (y), log10 AD (x) 104 OLS 0.599 20.396 < 0.0001 0.724 0.829 –
104 PGLS 0.550 20.358 < 0.0001 0.580 – 0.896

log10 SCR (y), log10 acuity (x) 33 OLS 0.167 0.129 <0.001 0.297 0.640 –
33 PGLS 0.240 0.110 <0.005 0.338 – 0.930

log10 SCR (y), log10 BM (x) 104 OLS 0.120 20.106 < 0.0001 0.807 0.902 –
104 PGLS 0.124 20.183 < 0.0001 0.763 – 0.938

log10 AD (y), log10 BM (x) 104 OLS 0.152 0.648 < 0.0001 0.647 0.792 –
104 PGLS 0.145 0.612 < 0.0001 0.533 – 0.935

log10 acuity (y), log10 BM (x) 33 OLS 0.172 0.386 <0.05 0.1254 0.524 –
33 PGLS 0.182 0.041 <0.0001 0.247 – 0.982

Abbreviations: AD: axial eye diameter; BM: body mass; n: number of species; SCR: mean semicircular canal radius of cur-
vature; k: Pagel’s lambda; q: Spearman’s rho; –: not applicable.

TABLE 3. Multivariate PGLS model statistics

Predictor
variablesa nb P-value k Adjusted r2 AICc Variable Coef P-value Partial r2c

BM 33 < 0.001 0.826 0.873 297.052 BM 0.093 <0.001 0.647
AD AD 0.213 <0.01 0.266
BM 33 < 0.001 0.785 0.868 295.112 BM 0.113 <0.001 0.785
Acuity Acuity 0.073 <0.05 0.140
AD 33 < 0.001 0.561 0.784 275.792 AD 0.544 <0.001 0.679
Acuity Acuity 0.076 <0.05 0.145
BM 33 < 0.001 0.758 0.890 299.091 BM 0.085 <0.001 0.591
AD AD 0.190 <0.05 0.237
Acuity Acuity 0.059 <0.05 0.113
BM 33 < 0.001 0.662 0.897 298.153 BM 0.093 <0.001 0.647
AD AD 0.161 <0.05 0.201
Acuity Acuity 0.051 n.s. n.s.
Agility Agility 0.083 n.s. n.s.
BM 33 < 0.001 0.657 0.881 297.009 BM 0.063 <0.001 0.440
AD AD 0.292 <0.005 0.364
Acuity Acuity 0.009 n.s. n.s.
Activity Activity CvD 0.007 n.s. n.s.

Activity CvN 0.011 n.s. n.s.
Acitvity DvN 0.012 n.s. n.s.

Abbreviations: AD: axial eye diameter; AICc: Akaike Information Criterion corrected for relatively small sample size, Coef:
correlation coefficient, Activity: activity pattern; BM: body mass; CvD: cathemeral vs. diurnal; CvN: cathemeral vs. noctur-
nal; DvN: diurnal vs. nocturnal; n: number of species; k: Pagel’s lambda
aIn each model, SCR is the sole response variable.
bA restricted sample size was used to permit meaningful model comparisons.
cPartial r2 values are only reported for significant variables.
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2007). Activity pattern was classified as either diurnal,
cathemeral, or nocturnal following Ross and Kirk (2007)
and Sheppard et al. (2009). As with other model compari-
sons, the relative quality of alternative models was
assessed using AICc values, and the contribution of indi-
vidual predictor variables was evaluated using P-values
and partial r2 values. Additionally, Kruskal-Wallis tests
were used to determine whether SCRres differs according
to activity pattern and agility category. One set of tests (n
5 33 species) was conducted using residuals of the overall
best fit model, representing the variation in SCR not
explained by body mass, AD, and visual acuity. A second
set of tests was conducted on a larger sample size (n 5
104 species) using the residuals of the two-predictor best-
fit model, representing the variation in SCR not explained
by body mass and AD.

RESULTS

A significant portion of the interspecific variation in
SCR may be explained by differences in eye size and vis-
ual acuity. The bivariate nonparametric correlations,
OLS regressions, and PGLS regressions of SCR vs AD
and SCR vs visual acuity are highly statistically signifi-
cant (Table 2; Fig. 2). In bivariate regression models, AD
can explain 58–72% of the variance in SCR and visual
acuity can explain 30–34% of the variance in SCR. How-
ever, the independent relationships between all three
variables and body mass are also statistically significant
(Table 2). Bivariate regression models indicate that body
mass can explain 76–81% of the variance in SCR, 53–
65% of the variance in AD, and 13–25% of the variance
in visual acuity. These results show that SCR, AD, and
visual acuity all tend in increase with body mass, and
therefore body mass is a potentially confounding vari-
able in the observed bivariate relationships between
SCR and AD and between SCR and visual acuity. Fur-
thermore, in all bivariate PGLS regressions, Pagel’s k is
� 0.9 or greater, revealing a substantial phylogenetic
influence (Table 2). Nonetheless, likelihood ratio tests
demonstrate that Pagel’s k is also significantly different
from 1.0 in these PGLS models, indicating that the rela-

tionships between AD, visual acuity, and SCR in OLS
regressions cannot be attributed entirely to the effects of
phylogeny.

In PGLS multiple regressions, all models with 2 pre-
dictor variables were statistically significant (P < 0.001),
and both predictor variables in each model explained a
significant proportion of the variance in SCR (Table 3).
Of these regressions, the model including body mass and
AD most accurately predicted SCR, with the lowest AICc
value (297.052) and highest r2 value (0.873) of the two-
predictor models. However, the PGLS multiple regres-
sion model including all three continuous predictor vari-
ables (body mass, AD, and visual acuity) explained a
larger amount of the variance in SCR (r25 0.890) and
had a lower AICc value (299.091) than any model with
2 predictor variables (Table 3). All three predictor varia-
bles were significant in this model, with body mass, AD,
and visual acuity respectively explaining 59, 24, and
11% of the variance in SCR. Likelihood ratio tests dem-
onstrate that Pagel’s k values for all PGLS multiple
regression models (range 5 0.561–0.826; Table 3) were
significantly different from both 0 and 1.

The relationships between SCR and both AD and visual
acuity also remain significant when the effect of body
mass is held constant using partial regressions (Fig. 3).
ADres explains 11% of the variance in SCRres (PGLS P <
0.001, k 5 0.763, adjusted r2 5 0.109; Fig. 3a), while acui-
tyres explains 14% of the variance in SCRres (PGLS P <
0.001, k 5 0.790, adjusted r2 5 0.138; Fig. 3b).

When agility category and activity pattern are
included as co-predictor variables in the best-fit PGLS
model, neither of these additional variables has a signifi-
cant effect on SCR (Table 3). Kruskal-Wallis tests com-
paring SCRres values between agility category and
activity pattern are also nonsignificant regardless of
which model is used to calculate SCRres (Table 4).

DISCUSSION

SCR has particular significance for interpreting inter-
specific variation in vestibular anatomy because this
parameter is a primary determinant of vestibular

Fig. 2. Bivariate plots of log10 mean semicircular canal radius of curvature (mm) versus (a) log10 axial eye
diameter (mm) and (b) log10 visual acuity (c/deg.). Gray line 5 OLS regression; solid line 5 PGLS regres-
sion. Regression statistics are shown in Table 2.
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sensitivity to angular accelerations (Yang and Hullar,
2007; Kandel and Hullar, 2010). Given the critical role
played by the semicircular canals in gaze stabilization,
we expected SCR to be positively correlated with both
eye size and visual acuity. Our results confirm these
expectations (Fig. 2 and Table 2) and demonstrate that
mammals with larger eyes and higher visual acuity tend
to have larger semicircular canal radii than mammals
with smaller eyes and lower visual acuity. Our bivariate
analyses also reveal that eye size has a greater influence
on interspecific variation in SCR than does visual acuity.
Compared with visual acuity, AD alone can explain
about twice the variance in SCR (Table 2).

We further expected SCR, eye size, and visual acuity
to be independently correlated with body mass and our
results confirm these expectations as well. Indeed, body
mass alone explains a larger proportion of the variance
in SCR than does either eye size or visual acuity (Table
2). Accordingly, we statistically controlled for the poten-
tially confounding influence of body mass using PGLS
multiple regression and PGLS partial regression models.
Regardless of the method employed, these analyses are
consistent in demonstrating that eye size and visual acu-
ity have a significant effect on SCR that is independent
of body mass and phylogenetic influences (Table 3 and

Fig. 3). Furthermore, our best-fit PGLS multiple regres-
sion model shows that body mass, eye size, and visual
acuity are all significant predictors of SCR. Although
body mass explains more than half of the interspecific
variation in SCR according to this model, eye size and
visual acuity nonetheless account for approximately
a quarter and a tenth of this variation, respectively
(Table 3). The best-fit multivariate analysis thus mirrors
the results of our bivariate analyses in demonstrating
that eye size has a greater influence on SCR than does
visual acuity.

Because our findings support the conclusion that eye
size and visual acuity independently influence SCR, it is
worth noting that these two predictor variables are func-
tionally distinct. Although visual acuity tends to be
greater in species with larger eyes (Veilleux and Kirk, in
press), eye size has important consequences for many
other aspects of visual function. For example, having
larger eyes may increase visual sensitivity if the light-
gathering power of the dioptric apparatus is also
increased (Walls, 1942; Land and Nilsson, 2012). Fur-
thermore, eye size is only one of numerous factors (e.g.,
photoreceptor density, ganglion cell density, retinal sum-
mation, refractive errors, etc.) that determine a species’
maximum visual acuity (Walls, 1942; Kirk and Kay,
2004; Silveira et al., 2005; Kirk, 2006b). In the context
of our results, the fact that visual acuity remains signifi-
cantly correlated with SCR in multiple regression mod-
els that also include AD probably reflects the important
contribution of retinal anatomy in determining visual
acuity. By this logic, eye size and visual acuity may
not be fully independent predictor variables, but some
proportion of the interspecific variation in visual acuity
unrelated to eye size is still a significant predictor
of SCR.

Although activity pattern is associated with interspe-
cific differences in eye morphology and visual acuity
(Ritland, 1982; Martin, 1990; Kirk and Kay, 2004; Mar-
tin and Ross, 2005; Kirk, 2006a; Ross and Kirk, 2007;

TABLE 4. Kruskal-Wallis test statistics

Variable

SCRres from best
fit modela

SCRres from
two-predictor

modelb

P-value n P-value n

Agility 0.551 33 0.941 104
Activity 0.054 33 0.993 104

aBest-fit model predictor variables include body mass, axial
eye diameter and visual acuity.
bTwo predictor model includes body mass and axial eye
diameter.

Fig. 3. Bivariate plots of residual mean semicircular canal radius of curvature versus (a) residual axial
eye diameter and (b) residual visual acuity. Residuals were calculated from separate PGLS regressions of
each variable versus log10 body mass. Black line 5 PGLS regression. Regression statistics are reported
in Results.
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Hall et al., 2012), these relationships do not translate
into a significant independent influence of activity pat-
tern on SCR in our comparative sample (Tables 3 and 4).
This result may reflect the fact that having AD and vis-
ual acuity as co-predictor variables already accounts for
the relevant variation between species of different activ-
ity patterns. Furthermore, eye size and visual acuity
both evolve in response to a variety of additional ecologi-
cal factors [e.g., speed of locomotion (Hall and Heesy,
2011; Heard-Booth and Kirk, 2012)] and constraints
[e.g., head size (Kay and Kirk, 2000)].

Prior to this analysis, locomotor agility, and body
mass are the two main variables that have been sug-
gested to account for interspecific variation in SCR and
vestibular sensitivity in mammals (Spoor et al, 2007; Sil-
cox et al., 2009; Ryan et al., 2012). Our data confirm a
strong influence of body mass on SCR, and further sug-
gest that body mass explains more of the interspecific
variation in SCR than any other predictor variable
(Tables 2 and 3). However, when we included the agility
categories used by Spoor et al. (2007) as a predictor vari-
able in our best-fit multiple regression model (along
with body mass, AD, and visual acuity as co-predictors),
agility category did not have a significant effect on SCR
(Table 3). We also found that agility category had a non-
significant influence on SCR when Kruskal-Wallis tests
were used to compare the variation in canal size unex-
plained by both the best-fit model and the model includ-
ing body mass and AD as predictors (Table 4). Our
results thus suggest that agility category (Spoor et al.,
2007) does not explain a significant proportion of the
interspecific variation in SCR once the effects of body
mass, eye size, and visual acuity are all taken into
account. These findings may indicate that differences in
eye size, visual acuity, and body mass between the spe-
cies in our comparative sample already account for vari-
ation in canal SCR associated with locomotion. Indeed,
other than body mass, maximum running speed is cur-
rently the variable that best predicts interspecific varia-
tion in mammalian eye size (Heard-Booth and Kirk,
2012). However, our nonsignificant results for agility
may also be due to the fact that agility categories were
qualitatively assessed (Spoor et al., 2007), and it is cur-
rently unclear how such categories relate to the angular
head accelerations that are actually detected by the
semicircular canals during locomotion. At present, meas-
urements of the head accelerations encountered during
locomotion are only available for a small number of spe-
cies (Yang and Hullar, 2007; Malinzak et al., 2012), thus
limiting options for comparative study of the influence of
locomotor kinetics on vestibular morphology.

These results suggest a novel evolutionary scenario to
account for the observed interspecific relationships
between eye size, visual acuity, and SCR in mammals.
Eye size and visual acuity are hypothesized to increase
in an evolutionary lineage due to multiple selective fac-
tors, such as an increase in speed of locomotion (Heard-
Booth and Kirk, 2012) or a shift toward visually preda-
tory habits (Ritland, 1982; Ross and Kirk, 2007; Veilleux
and Kirk, 2009). Regardless of the ecological context, we
propose that selection for larger eyes and increased vis-
ual acuity creates a functional demand for more precise
mechanisms of gaze stabilization. Meeting this demand
requires increased vestibular sensitivity, which in turn
may be achieved through increases in canal radius of

curvature (Jones and Spells, 1963; Howland, 1971; How-
land and Masci, 1973; Spoor and Zonneveld, 1998; Yang
and Hullar, 2007; Berlin et al., 2013). Thus, the evolu-
tion of larger eyes and greater visual acuity leads to
selection for larger semicircular canal radii and a pat-
tern of correlated evolution in these traits. Though we
found no effect of locomotor agility on SCR after
accounting for eye size, visual acuity, and body mass, we
nonetheless expect locomotion to exert a major selective
influence on SCR because locomotion ultimately gener-
ates many of the angular head accelerations that neces-
sitate visual stabilization (Malinzak et al., 2012).
Locomotion may also influence SCR via the relationship
between maximum running speed and eye size (Heard-
Booth and Kirk, 2012). According to this scenario, evolu-
tionary changes in visual acuity and eye size play a sig-
nificant role in determining semicircular canal
morphology and vestibular sensitivity among mammals.

Our results may also help to explain some of the
observed variation in semicircular canal morphology
among both living and fossil mammals. For example,
Berlin et al. (2013) noted that fossorial mammals tend to
have small semicircular canal radii and low estimated
vestibular sensitivity compared to other mammals. The
obligate burrowers examined by these authors included
a marsupial (Notoryctes), an afrothere (Chrysochloris), a
eulipotyphlan (Talpa), and a rodent (Heterocephalus),
suggesting that decreased SCR may have evolved in par-
allel in multiple clades of fossorial mammals. Although
Berlin et al. (2013) provided no functional explanation
for these observations, their results could be attributed
to the fact that these fossorial genera all possess very
small eyes (Sweet, 1906, 1909; Quilliam, 1964; Hetling
et al., 2005). According to the evolutionary scenario pre-
sented here, fossorial taxa with small, low-acuity eyes
may not require highly sensitive semicircular canals
with large radii because they do not experience selection
for precise gaze stabilization. If this hypothesis is cor-
rect, then other fossorial mammals with small eyes
would also be expected to exhibit relatively small semi-
circular canal radii. The measurements of SCR provided
by Spoor et al. (2007) offer some support for this predic-
tion by demonstrating that the fossorial genera Crypto-
mys and Scalopus have small semicircular canal
radii compared to non-fossorial mammals of similar body
mass.

Similarly, Silcox et al. (2009) demonstrated that the
fossil crania of a diverse assemblage of possible stem pri-
mates (“plesiadapiforms”) exhibit semicircular canals
with substantially smaller radii of curvature than those
of living primates. These authors concluded that plesia-
dapiforms may have possessed comparatively small
canal radii because they also lacked locomotor adapta-
tions for leaping that are shared by crown primates.
However, Silcox et al. (2009) also noted that the small
canal radii of plesiadapiforms seem to be at odds with
analyses of postcranial fossil material favoring agile
arboreal locomotion for most pleasiadapiform species.
Explicit in these interpretations is the assumption that
the relatively small canal radii of plesiadapiforms reflect
lower locomotor “agility” than living primates (Spoor
et al., 2007). Alternatively, our findings suggest that the
small canal radii of plesiadapiforms may be the result of
small eyes and lower visual acuity rather than compara-
tively low locomotor agility. Indeed, plesiadapiforms
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have uniformly smaller orbits than living primates (Kay
and Cartmill, 1977; Bloch and Silcox, 2006; Silcox et al.,
2010) suggesting that they probably had smaller eyes as
well. Plesiadapiforms may therefore have possessed rela-
tively small semicircular canal radii because they did
not require precise mechanisms for gaze stabilization
comparable to those in crown primates. A similar argu-
ment may be made for the fossil platyrrhine Tremace-
bus, which has been reconstructed as having a derived
increase in locomotor agility relative to other Patagonian
stem platyrrhines on the basis of its comparatively large
semicircular canal radii (Ryan et al., 2012). Although no
postcrania of Tremacebus are available to test this recon-
struction, Tremacebus does possess relatively larger
orbits than the related genus Dolichocebus and other
fossil anthropoids (Kay and Kirk, 2000). The enlarged
canal radii of Tremacebus could therefore reflect
increased eye size rather than increased locomotor agil-
ity. While we do not doubt that some portion of the inter-
specific variation in semicircular canal radius and
sensitivity among mammals can ultimately be attributed
to differences in locomotion (Spoor et al., 2007; Silcox
et al., 2009; Malinzak et al., 2012; Ryan et al., 2012),
our findings suggest that interpretations of inner ear
labyrinth anatomy in fossil species must also consider
the potential influence of differences in eye size and vis-
ual acuity.
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