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Abstract

Previous research found sexual dimorphism in the bony labyrinth of a Greek population sample (Osipov et al. 2013). This study
intends to investigate the nature of this structure’s sexual dimorphism across populations of diverse geographic origin and to
identify the effect of inter-population variation on the accuracy of determining sex using the bony labyrinth. Three population
samples of known sex were analyzed originating from Europe (n=30), Africa (n=38), and North America (n=230). The
discriminant function developed in Osipov et al. (2013) was applied, and new function equations for sex estimation were
developed. In addition, we used principal component analyses for investigating population differences, while bivariate tests
were used to compare across population samples, sexes, and anatomical sides. A significant level of sexual dimorphism was
found in all population samples, being driven by both size and shape differences. Discriminant functions for sex estimation were
developed for all three population samples combined (71.4% accuracy) as well as separately (70-80% accuracy). The German
sample was the least sexually dimorphic, whereas the North American sample exhibited the greatest sexual dimorphism. The size
and shape of the bony labyrinth also significantly differed across population samples. The bony labyrinth is found to be sexually
dimorphic across distinct population groups. Due to significant differences across our population samples, the accuracy of the
previously proposed method for sex determination (Osipov et al., 2013) was relatively low. For this purpose, this study presented
new functions, whose accuracy was tested in three distinct population samples.

Keywords Sexual dimorphism - Inner ear - Bony labyrinth

Introduction

The bony labyrinth, the osseous cavity inside the petrous bone
and surrounding the inner ear, accommodates the organs for
balance and hearing. While it has been studied extensively for
locomotor and phylogenetic differences across extant and fos-
sil species (i.e., Spoor et al. 1994; Hublin et al. 1996; Spoor
and Zonneveld 1998; Spoor 2003; Spoor 2003; Bouchneb and
Crevecoeur 2009; Cox and Jeffery 2010; Gunz et al. 2012;
Braga etal. 2013; El Khoury etal. 2014; Hill etal. 2014), there
is limited research looking at the sexual dimorphism of bony
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labyrinth in Homo sapiens. Earlier efforts detected sexual di-
morphism in the superficial structure of the Facies posterior
and the angle of the internal acoustic meatus (i.e., Wahl and
Henke 1980; Graw and Wahl 1999; Graw and Wahl 2000;
Wahl and Graw 2001; Graw et al. 2005) indicating that the
bony labyrinth is encased and surrounded by sexually dimor-
phic boney features.

Several other studies have reported sexual dimorphism of
the bony labyrinth. The cochlea has been found by several
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authors to be sexually dimorphic with males having longer
cochlea (Hardy 1938; Sato et al. 1991; Miller 2007). Spoor
(1993) reported no significant sexual dimorphism in the lab-
yrinth, but that study used a sample of mixed geographic
origin and no known sex. More recently, Osipov et al.
(2013) reported significant sexual dimorphism in a Cretan
(Greek) population and 82.4% discriminant accuracy was
achieved using a discriminant function, while El Khoury
et al. (2014) reported sexual dimorphism of the semi-circular
canal angles in a French sample.

Osipov et al. (2013) found that the most sexually dimorphic
variable was the curvature of the posterior semi-circular canal
(Osipov et al. 2013). Spoor (1993) estimated that sexual di-
morphism of the bony labyrinth was caused by body size
rather than actual sex differences. Osipov et al. (2013) not
only reported sexually dimorphic shape differences of the lat-
eral canal in the Cretan sample studied but also reported that
sexual dimorphism was caused mostly by size. In this study,
we aim to assess whether the sexually dimorphic morphology
reported by Osipov et al. (2013) and others can be found in
populations of diverse geographical origin, and particularly in
non-European populations. As with many sexually dimorphic
skeletal features, and as Osipov et al. (2013) pointed out, we
hypothesized that the bony labyrinth will also exhibit
population-specific sexual dimorphism. We applied the dis-
criminant functions developed in Osipov et al. (2013) to test
their applicability across diverse groups. Furthermore, we de-
veloped new functions based on a dataset involving individ-
uals from distinct population groups.

Materials and methods

The samples used in this study consist of crania from 98 mod-
ern human adults of known sex from three geographic popu-
lations. Table 1 lists all specimens used. Sex information for
the Zulu and German individuals is known based on collection
records consisting of demographic historical documentation.
Sex for the Oneota sample was estimated based either on
ancient DNA analyses or on the morphology of the bony
pelvis (Milner and Smith 1990; Stone et al. 1996; Stone and
Stoneking 1998).

The virtual reconstruction of the crania was performed on site.
Particularly, the Zulu sample was scanned at the Palacosciences
Centre Microfocus X-ray Computed Tomography (CT) Facility,
University of the Witwatersrand with a Nikon Metrology XTH
225/320 LC at 100 kV, 105 pA, with an exposure of 500 ms per
image, resolution between 60 and 120 pm and a 1.8Al filter. The
sample from Germany was scanned at the Paleoanthropology
High Resolution CT Laboratory, Eberhard Karls University
Tiibingen, using a Phoenix vjtome[x microCT scanner (General
Electric) and 180 kV, 120 pnA, 2500 images per scan with an
exposure of 200 milliseconds (ms) per image and a resolution
between 101 and 116 pm with a 0.1Cu filter. Slices had a pixel
size between 0.101 x 0.101 mm and 0.116 x 0.116 mm. The
Norris Farms Oneota specimens were scanned with X-ray source
energy settings at 150-180 kV and between 120 and 200 1A,
with 2400 views and two—three samples per view. Slice thick-
nesses ranged from 0.0615 to 0.0781 mm, depending on the size
of the specimen. The field of view ranged from 63 to 82 mm,
producing pixel sizes ranging from 0.0615 to 0.0781 mm.

When available, both the left and right bony labyrinths
were segmented using Avizo software (FEI Company,
Hillsboro, OR, USA). Measurements of the three semi-
circular canals and cochlea were made following Osipov
et al. (2013) by one of us (AU) on generated 3D virtual endo-
casts of this structure.

Measurements included the height and width of each of the
semi-circular canals and the cochlea in millimeters (mm) (see
Table 2). Osipov et al. (2013) used mathematical indices for
relative size and shape, following Spoor and Zonneveld
(1995), which we also use. These include the radius of curva-
ture (R), calculated as 0.5 (height + width)/2 and indices of
height to width (h/w). The radius of curvature provides overall
size information and the height/width index provides shape
information. Following Spoor (2003), the sagittal labyrinthine
index (SLI) was also used. SLI represents the position of the
lateral canal relative to the posterior canal and is calculated as
SLIi/(SLIs + SLIi) x 100 using dimensions SLI inferior (from
the plane of the lateral canal to the lower point of the posterior
canal arc) and SLI superior (from the plane of the lateral canal
to the higher point of the posterior canal arc; Spoor 2003).
Following previous work (i.e., Bouchneb and Crevecoeur

Table 1 Sample demographics

Population Males Females Total Location Date

Norris Farms Oneota® 16 14 30 Illinois, U.S.A. A.D. 1300

Zulu 17 21 38 South Africa Early twentieth century
German 17 13 30 Baden-Wiirttemberg Nineteenth century
Total 50 48 98

*For the Norris Farms Oneota Sample, the left and right bony labyrinths were available for 18 out of 30
individuals. Analyses use mean values from the right and left variables, except for 12 Oneota individuals for
which only the right side was available
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2009; Osipov et al. 2013; Uhl et al. 2016), the mean of the left
and right sides was used for analyses.

The Oneota sample had fewer left temporal bones (n = 18)
available for study than right temporal bones (n =30), thus,
for 12 of the Oneota, we cannot use the mean and instead use
the right-side measurements. A paired # test was conducted to
assess any issues with asymmetry between the left and right
sides.

In order to assess intra-observer error, a total of five indi-
viduals were measured three times each. The percent error
(percent of variation across the three measurements) for all
obtained measurements of the semi-circular canals and co-
chlea was below 5% in all cases, ranging from 0.76% to
3.35% (Online resource 3). This error range is comparable to
the one reported by Osipov et al. (2013).

We applied the discriminant function of the highest accu-
racy (Function 1) developed by Osipov et al. (2013) on their
Cretan sample, which had 82.4% accuracy in that study, to the
populations studied here. Function 1 is:

(PSChM x 0.728) + (PSCwM x 1.407)
+ (LSChwM x 6.217) + (~18.749)

An individual is assigned the sex of male if the resulting
value is > 0 and female if it is < 0. After applying function 1 to
all the individuals, we used Cohen’s kappa statistic (Cohen

Table 2
in mm

List of measurements and abbreviations. All measurements are

Abbreviation Bony labyrinth dimension

ASCh Anterior canal height

ASCw Anterior canal width

ASCdh Anterior canal diagonal height

ASCdw Anterior canal diagonal width

PSCh Posterior canal height

PSCw Posterior canal width

LSCh Lateral canal height

LSCw Lateral canal width

Coh Cochlear basal turn height

Cow Cochlear basal turn width

ASChw Anterior canal shape index—height/width
ASCdhw Anterior canal diagonal shape index—height/width
PSChw Posterior canal shape index—height/width
LSChw Lateral canal shape index—height/width
Cohw Cochlear basal turn shape index—height/width
ASCR Anterior canal radius of curvature

ASCdR Anterior canal diagonal radius of curvature
PSCR Posterior canal radius of curvature

LSCR Lateral canal radius of curvature

COR Cochlear basal turn radius of curvature

1960) to further assess the level of agreement between the
actual sex and estimated sex. According to Altman (1991),
the strength of agreement for a value of K is as follows: <
0.20: poor; 0.21-0.40: fair; 0.41-0.60: moderate; 0.61-0.80:
good; and 0.81-1.00: very good.

Additionally, using step-wise discriminant analysis, we
created new cross-validated discriminant functions based on
the samples studied here, which can be used to estimate the
sex of an unknown individual. All assumptions of discrimi-
nant function analysis were met (Tabachnick and Fidell 2001;
Field 2013). As the P value of the Box’s M was high (over
0.05), a within-groups covariance matrix was used (Field
2013). Subsequently, the unstandardized function coeffi-
cients, the constant, the group centroids, and the sectioning
points between males and females were calculated
(Tabachnick and Fidell 2001; Field 2013).

The accuracy of each function was computed based on the
discriminant scores of specimens both before and after cross-
validation (following a “leave one out classification” proce-
dure) (Field 2013). Furthermore, for each of the newly created
discriminant functions, kappa statistics were applied (as de-
scribed above) to assess the level of agreement between esti-
mated and actual sex. To apply each newly created function to
an individual of unknown sex, the corresponding measure-
ment is multiplied by the function coefficient for that variable.
The resulting values are added to the function’s constant
(Field 2013).

Following Osipov et al. (2013), bilateral asymmetry of
each population was assessed using paired ¢ tests. Osipov
et al. (2013) found significant asymmetry for several bony
labyrinth dimensions. Thus, we also expected some level of
asymmetry in our samples. The Osipov et al. (2013) functions
for sex estimation were created based on a Cretan sample. In
order to create population-specific discriminant functions for
the populations studied here, a cross-validated step-wise dis-
criminant analysis was carried out using all three populations
together (n=98) and then each sample separately. Then, the
accuracy for sex estimation of the resulting functions was
compared to the previously created Osipov et al. (2013)
function.

We conducted a principal component analysis (PCA) to
assess the affinities of the three populations studied and the

Table 3  Accuracy of sex estimation function 1 from Osipov et al.
(2013) and kappa statistics as applied to the German, Zulu, and Oneota
populations separately and in the final row, all samples together

Population Sample size Accuracy (%) Kappa value Significance
German 30 66.67 0.321 0.078
Zulu 38 68.42 0.323 0.016
Oneota 30 73.33 0.478 0.004
Total 98 69.39 0.321 0.078
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Table 4 Multivariate

discriminant function for sex Population German Zulu Oneota All samples

estimation, cross-validated classi- Variable PSCMR ASCMR CMR PSCMR

fication accuracies, and kappa

statistics. Abbreviations as in Function coefficient 4262 4.469 10.488 3.840

Table 2 constant —13.662 —13.570 —24.143 —11.548
Male centroid 0.388 0.574 0.693 0.433
Female centroid —0.508 —0.465 —0.793 —0.451
Male/female demarking point —0.120 0.109 —0.100 —0.018
Cross validated accuracy (%) 70.0 71.1 80 71.4
Kappa statistic 0.405 0.518 0.598 0.429
Kappa significance 0.024 0.001 0.001 0.000

males and females of each population. Given that the variables
presented different scales (Table 1), a correlation matrix was
used. The number of principal components plotted was decid-
ed based on the scree-plot technique (Field 2013). In order to
remove the effects of size from our analyses, a second round
of discriminant analyses and a second PCA were carried out

Table 5 Independent ¢ test results for sexual dimorphism within all
samples (German, Zulu, Norris Farms Oneota). Mean values, standard
deviation, and P values. Mean values for height and width measurements
are in mm, h/w, SLI and R are indices. Significant P values are in bold
type. Abbreviations as in Table 2

with size-adjusted data. For this process, only the variables
that are purely size-based were used (those for height and
width of the canals and cochlea) and not those variables al-
ready reflecting shape (ratios) or overall shape/size (the radii
variables). Using these ten variables, we follow methods
outlined in the literature for size-adjusting metric variables

Table6 Independent 7 test results for sexual dimorphism in the German
sample. Mean values, standard deviation, and P values. Mean values for
height and width measurements are in mm, h/w, SLI and R are indices.
Significant P values are in bold type. Abbreviations as in Table 2

All populations

Males (n=50) Females (n =48)

German sample

Males (n=17) Females (n=13)

Variable Mean SD Mean SD P value Variable Mean SD Mean SD P value
SLIM 49.45 5.49 48.45 5.33 0.362 SLIM 49.04 4.55 48.16 5.12 0.621
ASChM 6.91 0.54 5.67 0.51 0.000 ASChM 6.35 0.56 6.08 0.49 0.186
ASCwM 6.91 0.54 6.52 0.47 0.000 ASCwM 7.00 0.57 6.80 0.44 0.320
ASChwM 0.88 0.04 0.87 0.05 0.200 ASChwM 0.91 0.04 0.89 0.05 0.427
ASCMR 3.25 0.26 3.05 0.23 0.000 ASCMR 3.34 0.27 322 0.22 0.218
ASCdhM 6.65 0.60 6.19 0.54 0.000 ASCdhM 6.97 0.63 6.70 0.40 0.187
ASCdwM 6.47 0.54 6.05 0.48 0.000 ASCdwM 6.62 0.53 6.34 0.47 0.138
ASCdhwM 1.03 0.06 1.02 0.05 0.699 ASCdhwM 1.05 0.06 1.06 0.05 0.749
ASCdMR 3.28 0.27 3.06 0.24 0.000 ASCdMR 3.40 0.28 3.26 0.21 0.137
LSChM 4.56 0.53 4.25 0.53 0.004 LSChM 4.86 0.59 4.58 0.46 0.162
LSCwM 5.01 0.54 4.73 0.54 0.004 LSCwM 5.12 0.48 4.94 0.47 0.355
LSChwM 091 0.07 0.90 0.07 0.402 LSChwM 0.95 0.06 0.93 0.06 0.280
LSCMR 2.39 0.22 2.24 0.25 0.002 LSCMR 2.50 0.26 2.38 0.22 0.218
PSChM 6.38 0.71 5.83 0.61 0.000 PSChM 6.95 0.59 6.41 0.58 0.020
PSCwM 6.10 0.48 5.73 0.43 0.000 PSCwM 6.24 0.41 5.93 0.43 0.052
PSChwM 1.05 0.08 1.02 0.07 0.064 PSChwM 1.11 0.07 1.08 0.06 0.206
PSCMR 3.12 0.28 2.89 0.24 0.000 PSCMR 3.30 0.23 3.09 0.24 0.022
ChM 5.11 0.32 4.96 0.35 0.021 ChM 5.32 0.31 5.24 0.30 0.494
CwM 4.01 0.41 3.88 0.28 0.089 CwM 3.88 0.34 3.74 0.20 0.204
ChwM 1.30 0.13 1.28 0.11 0.764 ChwM 1.37 0.11 1.40 0.06 0.498
CMR 2.28 0.14 221 0.12 0.011 CMR 2.30 0.13 2.25 0.11 0.255
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(i.e., Lague et al. 2008). We calculated the geometric mean for
each individual (based on all ten height and width variables)
and then divided each individual’s value by its own geometric
mean. This standardization removes isometric size informa-
tion (Falsetti et al. 1993).

In order to assess if the means of the populations differ
significantly from one another, an ANOVA and Tukey
Posthoc test were used. All statistical analyses were car-
ried out using the SPSS 21 software package (Armonk,
NY: IBM Corp) and the PAST software, version 2.17¢c
(Hammer et al. 2001).

Results

All variables were found to be normally distributed based on a
Shapiro-Wilk test (P values over 0.05). There were no outliers
in any of the variables, while a Q-Q plot showed normal dis-
tribution. Moreover, as previously mentioned, Box’s M test
was not significant, indicating that variance is homogeneous
(Field 2013).

Table 7  Independent ¢ test results for sexual dimorphism in the Zulu
sample. Mean values, standard deviation, and P values. Mean values for
height and width measurements are in mm, h/w, SLI and R are indices.
Significant P values are in bold type. Abbreviations as in Table 2

Applicability of Osipov et al. (2013) discriminant
function to new populations

When analyzing all three population samples together
(German, Zulu, and Oneota), Osipov et al. (2013) function 1
predicted sex correctly for 68 of the 98 cases (69.39% accu-
racy). When the German sample was analyzed alone, sex was
correctly estimated for 20 of 30 cases (66.67% accuracy).
Similarly, applying function 1 to the Zulu sample result-
ed in correct prediction for 26 out of 38 cases (68.42%
accuracy). In the Oneota sample, function 1 estimated
sex correctly for 22 of 30 cases (73.33% accuracy). The
computed kappa (k) values for the above analyses indi-
cate fair to moderate agreement between predicted and
actual sex (Table 3).

Cross-population discriminant functions for sexual
dimorphism of the bony labyrinth

The results of the step-wise cross-validated discriminant anal-
yses are shown in Table 4. When analyzing all three

Table 8 Independent ¢ test results for sexual dimorphism in the Oneota
sample. Mean values, standard deviation, and P values. Mean values for
height and width measurements are in mm, h/w, SLI and R are indices.
Significant P values are in bold type. Abbreviations as in Table 2

Zulu sample

Oneota sample

1 Males (n=17) Females (n=21) 2 Males (n=16) Females (n=14)

Variable Mean SD Mean SD P value Variable Mean SD Mean SD P value
SLIM 53.05 5.24 49.40 6.09 0.059 SLIM 46.05 4.49 47.28 4.29 0.452
ASChM 5.94 0.57 5.46 0.34 0.003 ASChM 5.98 0.44 5.58 0.53 0.030
ASCwM 6.72 0.55 6.27 0.38 0.005 ASCwM 7.03 0.46 6.62 0.43 0.019
ASChwM 0.88 0.03 0.87 0.04 0.419 ASChwM 0.85 0.04 0.84 0.04 0.484
ASCMR 3.16 0.28 2.93 0.17 0.003 ASCMR 3.25 0.21 3.05 0.24 0.019
ASCdhM 6.46 0.56 5.94 0.40 0.002 ASCdhM 6.50 0.50 6.08 0.55 0.037
ASCdwM 6.19 0.58 5.80 0.38 0.017 ASCdwM 6.60 0.38 6.15 0.48 0.008
ASCdhwM 1.04 0.04 1.03 0.04 0.148 ASCdhwM 0.98 0.04 0.99 0.05 0.770
ASCdMR 3.16 0.28 2.93 0.18 0.004 ASCdMR 3.27 0.21 3.06 0.24 0.015
LSChM 4.25 043 4.06 045 0.191 LSChM 4.57 0.36 422 0.57 0.047
LSCwM 4.89 041 4.57 0.52 0.047 LSCwM 5.04 0.24 4.78 0.57 0.107
LSChwM 0.87 0.08 0.89 0.07 0.408 LSChwM 091 0.05 0.88 0.06 0.213
LSCMR 2.28 0.19 2.16 0.23 0.076 LSCMR 2.40 0.14 225 0.27 0.054
PSChM 6.06 0.56 5.64 0.49 0.018 PSChM 6.11 0.61 5.56 0.43 0.010
PSCwM 5.92 0.45 5.65 0.42 0.063 PSCwM 6.15 0.56 5.66 0.40 0.011
PSChwM 1.03 0.08 1.00 0.07 0.244 PSChwM 0.99 0.04 0.98 0.05 0.466
PSCMR 3.00 0.23 2.82 0.21 0.020 PSCMR 3.06 0.29 2.81 0.20 0.009
ChM 4.99 0.33 491 0.33 0.477 ChM 5.02 0.18 4.75 0.27 0.002
CwM 3.72 0.24 3.79 0.25 0.377 CwM 445 0.22 4.16 0.17 0.000
ChwM 1.35 0.06 1.30 0.06 0.019 ChwM 1.13 0.05 1.14 0.05 0.549
CMR 2.18 0.14 2.18 0.13 0.986 CMR 2.37 0.09 223 0.10 0.000
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population samples together, the computed cross-validated
success was 71.4%. Discriminant analysis of the German pop-
ulation alone results in 70.0% accuracy. Cross-validated
accuracy was 71.1% for the Zulu sample and 80.0% for
the Oneota sample. Kappa statistics show significant
agreement for all three populations together, as well as
each individual population sample separately. According
to the system proposed by Altman (1991), the kappa
statistic computed for the German sample indicates fair
agreement between the actual and predicted sex. The
kappa statistics for the Zulu, Oneota, and mixed-
populations sample (n=98) indicate moderate agreement
between the actual and predicted sex (see Table 4).
Based on the male and female centroids, the demarking
point between males and females was established (the
average of the two centroids) (Table 4). For example,
the German sample demarking point is —0.120 with a
male centroid of 0.388 and female centroid of —0.508.
Therefore, after the German sample function [(PSCMR
x 4.262) + (—13.662)] is calculated, a resulting value >
—0.120 indicates a male and a value <—0.120 indicates
a female. The closer the value is to either group cen-
troid, the more likely the individual is of that sex
(Table 4).

Sexual dimorphism

The independent ¢ tests demonstrated that some variables in all
three population samples presented significant sexual dimor-
phism. When all samples (German, Zulu, and Oneota) are
included (»=98) in an independent ¢ test, significant sexual
dimorphism is found in 14 variables: ASChM, ASCwM,
ASCMR, ASCdhM, ASCdwM, ASCAMR, LSChM,
LSCwM, LSCMR, PSChM, PSCwM, PSCMR, ChM, and
CMR. These results along with the mean values for males
and females are listed in Table 5. Mean values for males are
larger across population samples.

The German sample has significant sexual dimorphism on-
ly in two particular posterior canal variables (see Table 6). The
German mean values for males are larger than females
for all variables except anterior canal diagonal height/
width and cochlea width (Table 6). The Zulu sample
has significant sexual dimorphism for ten variables
encompassing all three canals and the cochlea. Zulu
males have larger mean values than females except for
lateral height/width, cochlea width, and cochlea radius,
(Table 7). The Norris Farms Oneota sample has signif-
icant sexual dimorphism for 13 variables (Table 8).
Oneota males have larger mean values for most

PC 2 (~16% of variance)

-5-

10

PC 1 (~50% of variance)

Fig. 1 Principal component analysis, PC 1 and PC 2 (~ 66% of variance). German females: pink squares; German males: red crosses; Zulu females: blue
triangles; Zulu males: blue squares; Oneota females: green diamonds; Oneota males: green x’s
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variables. The mean values for anterior diagonal height/
width and cochlear height/width were larger in Oneota
females (Table 8).

Bilateral asymmetry

Significant bilateral asymmetry was found in several variables
for all population groups. When all samples are analyzed to-
gether (n = 98), left and right bony labyrinths differed for sev-
en variables on the posterior canal and cochlea
(Online resource 4). The sagittal labyrinthine index also
showed significant bilateral asymmetry. The variables
displaying asymmetry differed within the German, Zulu, and
Oneota samples. The German sample was asymmetric for
eight variables on the anterior and posterior canals and the
cochlea, (Online resource 5). The Zulu had seven asymmetri-
cal variables on the anterior and posterior canals and cochlea
that showed significant left/right differences (Online resource
6). The sagittal labyrinthine index was also included in these
seven asymmetrical variables. The Oneota sample displayed
no significant asymmetry (Online resource 7).

Principal components analysis

In the PCA, the first three components account for 72.49% of
the total variance. Overall, all three samples (German, Zulu,

PC 3 (~7% of variance)
N

and Oneota) overlap. The majority of the Zulu and Oneota
females are on the negative side of PC 1 (49.81% of variance,
10.46 eigenvalue) (Fig. 1). For each population, the male con-
vex hull is located more in the positive direction while the
female convex hulls are more in the negative direction.
Loadings indicate that PC 1 is mostly driven by size, with all
variables loading positively. PC 2 (15.57% of variance, 3.27
eigenvalue) is driven by cochlear width and cochlea radius
(loading negatively) as well as cochlear h/w, posterior canal
h/w, anterior canal h/w, anterior diagonal h/w, and SLI (loading
positively) (Online resource 8). PC 2 separates the Oneota sam-
ple on its negative axis and the German and Zulu samples tend
to push towards the positive side of PC 2. PC 3 (7.11% of
variance, 1.49 eigenvalue) shows the same overlapping of
sexes from any one population as well as sample overlap
(Fig. 2). The largest convex hulls are the male German sample,
the male Zulu sample, and female Zulu sample. The Zulu males
and females as well as the Oneota males and females do not
overlap as much with each other as the male and female
Germans do. The German female convex hull sits almost
completely within the German male convex hull (Fig. 2).

Inter-population variation

The results of the one-way ANOVAs revealed significant dif-
ferences among the three populations for all variables, (see

10

PC 1 (~50% of variance)

Fig. 2 Principal component analysis, PC 1 and PC 3 (~57% of variance). Legend as in Fig. 1
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Table 9 ANOVA results for

population differences. Mean All samples German Zulu (n=38)  Oneota ANOVA results

values, standard deviation, F- and (n=96) (n=30) (n=30)

P values for mean differences be-

tween the three populations Variable Mean SD Mean  SD Mean SD Mean  SD Fvalue P value

(German, Zulu, Oneota). Height

and width means in mm, h/w, SLIM 48.95 5.41 48.66 474  51.03 594 46.62 437 6.446  0.003

SLI, and R are indices. Significant ~ ASChM 5.89 0.57 623 0.4 568 051 580 052 10475 0.000

values are in bold type. ASCWM 672  0.54 691 052 647 051 684 049 7612 0.001

Abbreviations as in Table 2
ASChwM 0.88 0.05 090  0.05 0.88 0.04 085 0.04 14.824  0.000
ASCMR 3.15 0.27 329 025 3.04 025 3.16 0.24 8.639  0.000
ASCdhM 6.42 0.61 685 055 6.17 0.54 631  0.55 14.168  0.000
ASCdwM 6.26 0.55 650 052 597 051 639 048 10.444  0.000
ASCdhwM 1.03 0.05 1.06  0.05 1.03  0.04 099 0.04 18.051  0.000
ASCdMR 3.17 0.28 334 025 3.04 026 317 025 11.882  0.000
LSChM 441 0.55 474 055 4.14 045 441 049 12.516  0.000
LSCwM 4.87 0.49 504 047 471 0.50 491 044 4.063  0.019
LSChwM 0.90 0.07 094  0.06 0.88  0.07 0.90  0.05 7.867  0.001
LSCMR 232 0.25 244 025 221 022 233 022 8.697  0.000
PSChM 6.12 0.71 6.72  0.63 583  0.56 585  0.60 23.619  0.000
PSCwM 5.92 0.49 6.11 0.44 577 045 592  0.54 4.154  0.019
PSChwM 1.03 0.08 1.10  0.07 1.01  0.07 099 0.05 29.658  0.000
PSCMR 3.01 0.28 321 0.25 290 0.23 294 028 13.907  0.000
ChM 5.04 0.34 530  0.30 495 0.33 490 026 16.634  0.000
CwM 3.95 0.35 382 029 376 0.25 431 024 50.777  0.000
ChwM 1.29 0.12 1.39  0.09 132 0.06 1.14  0.05 163.596 0.000
CMR 2.24 0.14 228 0.13 2.18 0.13 230 0.12 9.286  0.000

Table 9). Subsequently, the Tukey post-hoc tests identi-
fied which pairs of populations significantly differed
(i.e., German, Zulu, and Oneota) for each variable
(Online resource 9). Particularly, the Zulu sample has the
largest SLI with a mean of 51.03, followed by the German
(48.92) and the Oneota samples (46.62). For the raw height
and width variables, the Oneota sample has values smaller
than the German sample but larger than the Zulu sample, with
the exception of ChM. The height/width indices for the Zulu
are smaller than the Germans but larger than the Oneota in all
cases, except for the lateral canal (LSChwM). The larg-
est canal and cochlear radii were observed in the
German population sample, followed by the Oneota
and the Zulu. Overall, in most variables, German indi-
viduals presented the greatest size.

Geometric mean adjusted data

The same discriminant success rates were achieved either
using the original or the size-adjusted variables (see
Table 4). This was the case both for the cross-population
function as well as for the equations developed for each pop-
ulation separately. The same variables (PSCMR for cross-
populations and the German sample, ASCMR for the Zulu
sample, and CMR for the Oneota) were the most discriminant
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in the size-adjusted discriminant analysis as in the non-size
adjusted one (see Table 4).

The PCA analysis based on the size-adjusted variables cap-
tured less variation in its first three PCs than the non-corrected
PCA. The first three PCs account for 60.41% of the variation.
PC 1 (30.01% of variation), PC 2 (16.70% of variation), and
PC 3 (13.84% of variation) do not clearly separate males from
females for any of the three samples. However, PC 1 tends to
separate the Germans (higher values on the component) from
the Oneota and Zulu samples, which presented negative
values on PC 1. Furthermore, PC 2 seems to separate the
Oneota from the Zulu samples. Based on the factor loadings,
cochlear height and width are pushing the Oneota and Zulu
away from the German sample (see online resources 1 and 2
and PC loadings in online resource 10).

Discussion

Osipov et al. (2013) found sexual dimorphism of the bony
labyrinth in a Cretan population and developed functions to
be used for sex estimation, which had 82.4% classification
accuracy. When their function 1 was applied to the three pop-
ulation samples examined here, the classification accuracy
was overall lower than that reported in the 2013 paper:
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66.67% for the German, 68.42% for the Zulu, and 73.33% for
the Oneota samples. Osipov et al. (2013) warned that the
discriminant functions are likely population specific, a hy-
pothesis supported by our results. As the results of the # tests,
discriminant analyses and PCAs indicate, our German sample
has the lowest levels of sexual dimorphism of the three
samples studied. The Osipov et al. (2013) function worked
with higher accuracy on the samples presenting greater sexual
dimorphism: our North American and South African
specimens.

In an attempt to create more accurate sex estimation func-
tions, a cross-validated step-wise discriminant analysis was
carried out on the German, Zulu, and Oneota data. All
population-specific functions had higher cross-validated dis-
criminant accuracy (Table 4) than the application of the
Osipov et al. function (2013) to the samples (Table 3).
Additionally, our population-specific and mixed-sample func-
tions (based on a single variable) achieve higher classification
success rates than the Osipov et al. (2013) function, which
requires three variables. For our mixed-samples dataset (n =
98) and our German sample, the cross-validated step-wise
discriminant analysis reveals that posterior canal radius is
highly sexually dimorphic, as previously reported by Osipov
et al. (2013). However, for the Oneota sample, the cochlear
radius was the most powerful predictor of sex, even though it
was not used in any of the six discriminant functions created
by Osipov et al. (2013). The Zulu sample had anterior canal
radius as the most sexually dimorphic variable. We also used
our combined population sample to develop a discriminant
function for estimating sex across populations. Our new
cross-population function (Table 4), however, performed only
slightly better (~2%) than Function 1 from Osipov et al.
(2013): the cross-population function achieved 71.4% classi-
fication success.

The independent ¢ test showed that sexual dimorphism in
the bony labyrinth characterizes all three populations.
However, different bony labyrinth dimensions are sexually
dimorphic within each population. Within the German sam-
ple, significant sexual dimorphism was only found for poste-
rior canal height, and posterior canal radius (Table 6). This
means that German males have taller posterior canals than
females and larger posterior canal radii (PSCMR). Osipov
etal. (2013) also reported that the posterior canal had the most
sexual dimorphism in the Cretan sample. The larger posterior
canal and radius may be a result of sexual dimorphism in the
surrounding petrous portion. In comparison, the Zulu had
many more sexually dimorphic variables (see Table 7). Size
variables for the anterior canal (and anterior diagonal) as well
as the lateral and posterior canal were significantly different
between Zulu males and females with males having larger
mean values. The anterior canal (and anterior diagonal) radii
as well as the posterior canal radius showed significant sexual
dimorphism. For these radii variables, Zulu males have overall

larger anterior and posterior semi-circular canals than Zulu
females do. The shape variable for cochlear height compared
to cochlear width (ChwM) was significantly different between
Zulu males and females. For cochlear shape, while both males
and females have a mean Chw above 1 (meaning height is
larger than width), the males have a higher mean (1.35) than
females (1.30), meaning Zulu males have an even higher co-
chlea (relative to width) than Zulu females. These sexually
dimorphic differences in the Zulu may reflect higher levels
of sexual dimorphism in the crania among this sample than
in the German sample. The Oneota sample had high levels of
sexual dimorphism for size variables (Table 8). There was
significant sexual dimorphism of height and width in the an-
terior, lateral, and posterior canals as well as the cochlea. As
indicated by significant sexual dimorphism in the radii vari-
ables, Oneota males have overall larger anterior and posterior
semi-circular canals and a larger cochlea than Oneota females.

Since at least some parts of the bony labyrinth develop
reflecting their surrounding petrous portion anatomy (Jeffery
and Spoor 2004), sexual dimorphism of the bony labyrinth is
most likely the result of sexual dimorphism of the surrounding
petrous portion bone. The petrous portion has also been found
to be sexually dimorphic (i.e., Kalmey and Rathbun 1996;
Wahl and Graw 2001) and thus, it is unlikely that sexual
dimorphism of the bony labyrinth is the result of differential
selection for inner ear functions in males and females. The
differing levels of sexual dimorphism present in the samples
studied here may be a reflection of differing levels of sexual
dimorphism in the overall cranial morphology of these popu-
lations. Previous work suggests numerous underlying causes
for differential sexual dimorphism in modern human popula-
tions such as nutritional stress and division of labor (i.e., Stini
1969; Stini 1972; Holden and Mace 1999), or subsistence
practices and temperature (i.e., Wolfe and Gray 1982; Frayer
and Wolpoff 1985).

As reported by Osipov et al. (2013), we also found bilateral
asymmetry in the bony labyrinth. The asymmetry found here
was population specific, with differing variables being signif-
icantly asymmetric depending on the population. Although
the Oneota sample did not exhibit significant asymmetry, this
is most likely due to the fact that only 18 individuals could be
included in this analysis, because 12 specimens only had one
side available for study.

The PCA analysis confirms that the size of the bony laby-
rinth presents significant sexual dimorphism. The German
sample displays less sexual dimorphism than both the Zulu
and Oneota samples. This may be linked to various levels of
sexual dimorphism of the surrounding petrous portion, tem-
poral bone, or even the crania, as discussed above.

By contrast, the size-adjusted PCA shows that differences
among the population samples are mainly driven by shape as
opposed to size (Online resources 1 and 2). In the size-
adjusted PCA, the males and females mostly overlap and are
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not as clearly separated as in the original PCA (Figs. 1 and 2)
indicating that size is the major factor (although not the sole
factor, as indicated by the second discriminant analysis and
the 7 tests) of male and female differences.

Previous research on the bony labyrinth in various
strepsirrhine taxa by Lebrun et al. (2010) reported that, al-
though bony labyrinth morphology is functionally
constrained, it does conserve strong neutral evolution signals
consistent with a random walk model. As was found by
Lebrun et al. (2010) in the strepsirrhine taxa, perhaps human
population differences in the bony labyrinth are also the result
of neutral evolution. Population differences in bony labyrinth
morphology could be the result of differing temporal bone
morphology. The temporal bone has been shown to preserve
population history well (Harvati and Weaver 2006; Reyes-
Centeno et al. 2014, 2017), and perhaps the bony labyrinth,
which takes its form at least partially from the surrounding
petrous portion (Jeffery and Spoor 2004), exhibits population
differences since its surrounding bony tissues are also popu-
lation specific. Thus, the petrous portion seems to be not only
sexually dimorphic but also a good preserver of population
history. Smith et al. (2007) reported that temporal bone shape
(but not size) reflected neutral evolution as opposed to an
association with climate, temperature, or altitude, while
Smith et al. (2013) found that temporal bone morphology
followed an isolation-by-distance model of evolution,
reflecting population history from early on in ontogeny (by
5 years of age). This hypothesis was recently confirmed by
Ponce de Ledn et al. (2018), who reported that the human
bony labyrinth morphology itself tracks genetic distances in
an isolation-by-distance model. Based on the wide array of
research on the bony labyrinth discussed above, bony laby-
rinth morphology is affected by multiple forces such as pop-
ulation history, surrounding (sexually dimorphic) cranial
structures, and neutral evolution.

Conclusions

Our findings show that the level of sexual dimorphism in the
bony labyrinth seems to vary across population groups. As a
consequence, the function previously developed by Osipov
et al. (2013) was less accurate for our population samples.
For this purpose, we developed new functions for sex deter-
mination based on three distinct population samples, whose
classification accuracy rates ranged from 70 to 80%. The new-
ly developed functions require fewer variables than the
Osipov et al. (2013) function, increasing their applicability
on incomplete bony labyrinths. The single most dimorphic
variables were the canal and cochlear radii. Both sexual di-
morphism and bilateral asymmetry of the bony labyrinth were
found to be population specific. Sexual dimorphism was more
evident in the size of individuals, while population differences
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were driven mostly by shape differences. Overall, the mor-
phology of the bony labyrinth seems to be affected by a com-
plex interaction among different factors, including sex and
population history. This pattern seems to reflect the ones pre-
viously observed for the surrounding sexually dimorphic pe-
trous portion as well as the population-specific temporal bone.
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