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Abstract: The estimation of biological sex is of paramount relevance in the analysis of skeletal
remains recovered in forensic contexts. This study aims to assess sexual dimorphism for identification
purposes, from two reference samples of the Portuguese population, and a depiction of the size- and
shape-related sexual dimorphism of the human scapula using geometric morphometrics approaches.
The sample comprised 211 individuals (100 males and 111 females). A generalized Procrustes analysis
(GPA) was performed for shape analyses, a principal component analysis (PCA) and a Procrustes
ANOVA were implemented on the GPA transformed variables, and a discriminant analysis was used
to assess the cross-validated accuracy of sex estimates. The data showed that male scapulae were
larger, with medial and lateral curves more pronounced and an inferior angle more acute than females.
The males and females were classified with low accuracy (66.82% and 65.88% for landmarks and
semi-landmarks data) based on shape. Combining size and shape variables improved the accuracy of
the prediction using landmarks data (80.09%). A combination of both variables might improve the
chances of the geometric morphometrics methodology in correctly estimating the sex of unidentified
individuals, especially if the skeletal elements show low sexual shape dimorphism.

Keywords: sex estimation; human scapula; sexual shape dimorphism; landmarks; semi-landmarks;
forensic anthropology

1. Introduction

Sex estimation of unidentified human skeletal remains is fundamental to establish a
biological profile, being a critical step on the identification process [1,2]. Traditionally, the
evaluation of a biological profile (sex, population affinity, age at death, and stature) begins
with sex assessment, as age at death and stature are sex-dependent [3,4]. The evaluation
of biological sex on skeletal remains assumes the existence of phenotypic differences
between female and male individuals [1,5]. These differences can be observed for both
size and shape and are affected by chromosomic structure and the expression of sexual
hormones [5–7]. The degree of sexual dimorphism is influenced by the biomechanical
functions of certain skeletal elements, environmental factors, nutrition, and sexual selection,
among others [1,8–10].

The pelvis is considered the most dimorphic skeletal component, as its dimorphism
is related with selective pressures of reproduction and bipedalism [11–13]. Often it is not
possible to recover a complete pelvis in forensic and bioarcheological contexts, so other
dimorphic skeletal elements need to be used to perform sexual diagnosis [13,14]. Usually,
the cranium is considered the best alternative when the pelvis is fragmented or absent, but
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extensive research has been showing that long bones can provide better results [2]. Other
than the long bones [13,15–17] and the cranium [18–20], there are several methods for sex
estimation, including those that are based on hands and feet bones [21–23], the clavicle and
scapula [14,24–26], the sternum [27], the teeth [28], and the vertebrae [29], among others.

Sex estimation methodologies usually fall into two categories: morphological (visual)
and metric [30,31]. Morphological methods consist of a visual assessment on dry bones
and they are observer-dependent, which produces subjective results [7,26,30,32]. Metric
methods evaluate size differences between males and females, assuming that males are
larger than females [1,2,33]. They are less observer-dependent and easier to assess and
interpret [13,26,30]. Both approaches tend to be influenced by geographic-specific con-
straints [13,34]. Molecular methods, particularly proteomic and genomic analyses, are
highly accurate but generally not easily available [4].

Geometric morphometrics (GM), a compilation of techniques that provide a mathe-
matical description of biological forms according to geometric definitions of size and shape,
enables the analysis of structures with curves and protuberances that were largely disre-
garded by traditional morphometric methods [35]. GM quantitatively describes, analyses,
and interprets shape and its variation, allowing the evaluation of anatomical differences
between groups with minimal subjectivity [36–38]. This suite of techniques uses Cartesian
coordinates, or landmarks, that retain shape information [26]. Landmark-based approaches
are the most common in GM. Landmarks are discrete homologous points of correspondence
among specimens [39]. Unfortunately, traditional landmark-based analyses cannot quantify
all morphological structures, such as curves and surfaces. As such, semi-landmarks allow
to quantify two- or three-dimensional homologous curves and surfaces and analyze them
concurrently with traditional landmarks [36,40,41].

Identified skeletal collections are a cornerstone for the creation and improvement of sex
estimation techniques [4,42] and the identified skeletal collections curated in Portugal are
ideal to test and develop several hypotheses and methods [43]. Even though some studies
assessed scapular sexual dimorphism based in Portuguese reference skeletal samples, e.g.,
Mendes Correia [44,45], Xavier de Morais [46], and Wasterlain [47], they were mostly based
in traditional morphometrics, the exception being the work by Xavier de Morais [48], which
focused on morphological traits of the scapula.

This paper presents a study based on two Portuguese reference skeletal collections: the
21st Century Identified Skeletal Collection (CEI/XXI) and the Coimbra Identified Skeletal
Collection (CISC). The main objectives of this research include a depiction of the size-
and shape-related sexual dimorphism in the human scapula and the estimation of sex for
identification purposes using geometric morphometrics approaches, including the use of
landmarks and semi-landmarks, in two-dimensional photographic images of this bone.

2. Materials and Methods

All scapulae used in this study stem from two reference skeletal collections, the 21st
Century Identified Skeletal Collection (CEI/XXI) and the Coimbra Identified Skeletal
Collection (CISC), both curated at the Department of Life Sciences of the University of
Coimbra [49–51]. All CISC individuals were born between 1817 and 1924 and died between
1904 and 1938 [49]. The individuals from the CEI/XXI died between 1982 and 2012 [4,50].
The left scapulae of 211 individuals were analyzed, 111 from the CEI/XXI (71 females
and 60 males), and 80 from the CISC (40 females and 40 males). The individual ages at
death ranged from 17 to 98 years old in females and from 19 to 96 years old in males.
Table 1 describes the number of individuals by age group. Only complete scapulae were
co-opted into the study sample, while others presenting pathologies or gross taphonomic
alterations were excluded. The use of two identified collections aimed to obtain a broader
chronological sample, as all the individuals perished between the late 19th and the early
21st centuries. The sex assigned at birth, or biological sex, and age at death for each
individual were retrieved from the available documentation [49–51].
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Table 1. Distribution of individuals from both collections (CISC and CEI/21) grouped by sex and age.

Age Group (Years) Females Males Total Number of Individuals Percentage
17–29 6 5 11 5.21%
30–39 6 7 13 6.16%
40–49 10 9 19 9.00%
50–59 6 11 17 8.06%
60–69 12 16 28 13.27%
70–79 18 19 37 17.54%
80+ 53 33 86 40.76%

Total 111 100 211 100%

Data Collection: Landmarks and Semi-Landmarks

The scapulae were placed with the dorsal surface upwards and photographed with a
Canon EOS 70D, set on a tripod, and mounted on a fixed position. The distance between the
scapulae and the Macro lens (50 mm f/2.5) was 50 cm. To standardize the position of the bones,
they were positioned on an osteometric board with graph paper, so that the glenoid fossa rested
against the vertical surface. The camera was focused on a marked spot on the graph paper.

The captured images were transferred to a computer to assign seven homologous
landmarks to each scapula. The choice of the landmarks was based on the works of Taylor
and Slice [52] and Scholtz et al. [26]. These landmarks are easily identifiable, reflect the
shape of the body of the scapula (Figure 1), and disregard both the spine and the acromion:

Landmark 1: The medium point of the glenoid fossa, on the posterior point of the cavity.
Landmark 2: The point where the glenoid fossa touches the vertical surface of the

osteometric board.
Landmark 3: At the position where the lateral border touches the vertical surface of

the osteometric board.
Landmark 4: On the most inferior point of the inferior angle.
Landmark 5: Point of intersection of the scapular spine and the medial surface. The

spine was followed until the point at which it would reach the medial border, considering
that sometimes it splits and forms a triangular area.

Landmark 6: On the most superior point of the superior angle.
Landmark 7: Point of intersection of the scapular spine and the superior border. The point

of intersection is found by following the superior border until it encounters the scapular spine.
Due to individual variation, the scapular spine sometimes does not intersect with the superior
border, in those cases the point was recorded at the basis of the scapular notch.

The series of tps software (by F. James Rohlf) was used for data collection. The homol-
ogous landmarks were digitized with the tpsDig program, using the “Digitize landmarks”
function. The scale was set to 1 cm and was measured on the graph paper, the points were
digitized in the same order for all specimens, from landmark 1 to landmark 7. The scale
guarantees that the landmarks have the same configuration for all specimens [53].

The tpsDig software was also used for the semi-landmarks, with the “Draw background
curve”. This consisted of drawing the scapulae contour, starting on landmark 1 and ending on
landmark 7. After the contour was complete, the function “Resample curve” was used and the
number of points was set to 40. This quantity was considered sufficient for obtaining all the
geometric information contained on the specimens. The scale was also set at 1 cm (Figure 2).

All statistical analyses were performed with MorphoJ [54] and PAST [55]. The first
step in all GM analyses is the Procrustes Superimposition, or General Procrustes Analysis
(GPA). This procedure is of most importance and consists of minimizing the sum of squared
distances between homologous landmarks by removing size, location, and orientation
data [56–58]. After this step, Procrustes shape coordinates, which only contains shape
information, were obtained [41,59,60]. A Principal Component Analysis (PCA) can be
used to explore the key features of shape variation in a given sample and as an ordina-
tion assessment of the individuals in morphospace [54]. The PCA extracts and evaluates
the main patterns of the shape variation [58], simplifying and reducing the data com-
plexity but preserving all data variation by forming new variables called PCs (Principal
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Components) [41,57,61]. A Procrustes ANOVA was also performed, using the Procrustes
coordinates obtained after the GPA, in order to compare variation within groups with
variation between groups [53]. The Procrustes ANOVA, a permutation-based MANOVA,
was employed to quantify observational errors (intra- and interobserver errors) and also
differences between the biological sex groups. Discriminant analysis (DA) maximizes group
separation through linear combinations of the original variables and was implemented in
order to test group (biological sex) differences and to assess group prediction. The DA is
executed with a cross-validation function that guarantees that the accuracy of the method
is not inflated [41,53]. Lastly, to evaluate the effects of size on shape (allometry) a linear
regression of shape on centroid size (a proxy for size) was performed.
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The identification and positioning of homologous landmarks in the scapula is difficult
as there are few well-defined homologous landmarks along the borders of the scapula [26].
As such, in order to ensure the replicability of the landmark digitizing process, the intra-
and interobserver errors were analyzed. The analysis of the intra-observer error consisted
of the digitation of our landmarks on fifteen selected scapulae of the CISC in two different
occasions. The digitations were performed five days apart. For the interobserver error the
same fifteen scapulae were digitized by two observers (RM and FC).

3. Results
3.1. Landmarks Data

The intra-observer and interobserver errors were both evaluated through a Procrustes
ANOVA. The results indicate that the mean squares for individual variation exceeded
the measurement error, as the values of F (the ratio between the variances of Individ-
uals and Error) are highly significant, thus suggesting that the error is inconsequential
(Tables 2 and 3).

Table 2. Intra-observer measurement error evaluated with a Procrustes ANOVA for both centroid
size and shape of the scapula. In both cases individual variation exceeds measurement error.

Centroid Size

Effect SS MS df F P (param.)

Individual 33.798357 2.414168 14 1979.15 <0.001
Error 1 0.018297 0.001220 15

Shape

Effect SS MS df F P (param.)

Individual 0.166898 0.001192 140 251.16 <0.001
Error 1 0.000712 0.000005 150

SS—sum of squares; MS—mean squares.

Table 3. Interobserver measurement error evaluated with a Procrustes ANOVA for both centroid size
and shape of the scapula. In both cases, the individual variation exceeds measurement error.

Centroid Size

Effect SS MS df F P (param.)

Individual 35.128895 2.509207 14 650.49 <0.001
Error 1 0.057861 0.003857 15

Shape

Effect SS MS df F P (param.)

Individual 0.169308 0.001209 140 138.41 <0.001
Error 1 0.001311 0.000009 150

SS—sum of squares; MS—mean squares.

A Procrustes ANOVA was also used to evaluate the sexual differences between groups
(males and females), displaying significant differences for both shape and size (p < 0.001)
(Table 4). The male individuals tend to have larger scapulae than females. Regarding shape,
the differences are more accentuated on the medial and lateral curves, which are more
curved in males (Figure 3a,b). The pattern of variation can be explained by the first four
PCs (Figure 4), which accounted for 79.89% of the total shape variation (PC1—32.41%;
PC2—23.23%; PC3—13.92%; PC4—10.33%). PC1 is responsible for an enlargement of the
scapular body and a slight reduction in body length. PC2 showed a length increase, a minor
narrowing at the superior side of the lateral border, a minor enlargement at the superior
side of the medial border and a more projected inferior angle in males. For PC3 a narrowing
of the width of the scapula was observed, except for a small section from the inferior angle
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to the intersection of medial border and the scapular spine. Lastly, PC4 showed a slight
increase in length at the inferior angle and a body enlargement from the inferior part of
the lateral border until the half of the medial border. The DA results revealed a shape
overlap between the male and female individuals and group prediction was achieved with
an accuracy of 66.82%, with 67 from 100 male individuals correctly assigned and 74 from
111 female individuals (Table 5). A discriminant analysis with shape and size variables
combined was also performed, with 91 females correctly assigned from 111 individuals,
as well as 78 of the 100 males, which corresponds to an accuracy of 80.09% (an increase
of 13.27%; Table 6). The effect of size on shape was evaluated through linear regression,
indicating that size only accounts for 0.97% of the shape variation (Table 7).

Table 4. Procrustes ANOVA results based on landmark data showing significant differences between
males and females in both size and shape.

Centroid Size

Effect SS MS df F P (param.)

Individual 190.960227 190.960227 1 101.02 <0.001
Residual 395.062558 1.890251 209

Shape

Effect SS MS df F P (param.)

Individual 0.030745 0.003075 10 5.19 <0.001
Residual 1.238128 0.000592 2090

SS—sum of squares; MS—mean squares; Individual—sex.
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Table 5. Cross-validated accuracy of the discriminant analysis performed with landmarks data for shape.

Jackknife Resampling

Males Females Total Accuracy

Males 67 33 100 67.00%
Females 37 74 111 66.67%

Total 104 107 211 66.82%
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Figure 4. Graphic representation of shape variation presented by PC1 (A), PC2 (B), PC3 (C), PC4
(D), in red, when compared with a defined outline, in blue. PC1 relates with an enlargement of the
scapula except on the area between landmarks 3 and 4. PC2 shows a straightening from the glenoid
fossa until it reaches the middle of the lateral border, the opposite can be observed for the medial
surface. The length of the scapula is also augmented on both inferior and superior angles. PC3
indicates another straightening for all lateral borders and for the superior half of the medial surface,
as the lower half slightly enlarges. The inferior angle shows a slight length change. PC4 demonstrates
an enlargement for almost all the medial border and a slight length increase near the inferior angle.

Table 6. Cross-validated accuracy of the discriminant analysis performed with landmarks data for
size and shape.

Jackknife Resampling

Males Females Total Accuracy

Males 78 22 100 78.00%
Females 20 91 111 81.98%

Total 98 113 211 80.09

Table 7. Allometric shape variation performed with a linear regression, showing that size yields an
inconsequential influence in shape.

Sum of squares

Total SS: 1.238128
Predicted SS: 0.012018
Residual SS: 1.226110

Size-shape influence

% predicted: 0.97%
SS—sum of squares.
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3.2. Semi-Landmarks Data

The Procrustes ANOVA showed that the differences between male and female indi-
viduals were statistically significant (p < 0.001) for both shape and centroid size (Table 8).
The scapulae of male individuals were larger than females. Regarding shape observations,
males showed more accentuated medial and lateral curves and presented an inferior angle
more acute than females (Figure 5a,b). The pattern of variation showed by the PCA could
be explained by the first four PCs (Figure 6), which accounted for 87.01% of the total shape
variation. PC1 showed a narrowing on the glenoid fossa area and the inferior area of the
medial surface. On the beginning of the lateral face was observed an increase in length
associated with an enlargement on its inferior area, the same was observed for the medial
surface from the middle to the superior angle. The PC2 also showed a narrowing on the
glenoid fossa and on the medial and lateral surfaces; only on the superior and inferior sur-
faces was observed an increase in length. The PC3 is responsible for an increase in length in
the glenoid fossa, associated with the narrowing of the scapular body in all lateral face and
on the superior face was also observed a narrowing. From the inferior face to the middle of
the medial face was an increase in length. The PC4 showed a slight enlargement on the
glenoid fossa and the superior side of the medial surface. On the inferior side of the lateral
and medial surface, the body of the scapulae starts narrowing. The inferior surface shows
an increase in length and the superior surface a decrease. The discriminant analysis showed
a small overlap between individuals of the different sexes, with an accuracy of estimation
of 65.88%, with 63 of the 100 male individuals and 76 of 111 female individuals correctly
assigned (Table 9). These values slightly increased to 69.19% after size was included in the
model (Table 10). The size only accounts for 0.72% of shape variation (Table 11).
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Table 8. Procrustes ANOVA results for both centroid size and shape of semi-landmarks data, showing
significant differences for both parameters.

Centroid Size

Effect SS MS df F P (param.)
Individual 779.947691 779.947691 1 95.51 <0.001
Residual 1633.109111 7.889416 207

Shape

Effect SS MS df F P (param.)
Individual 0.025323 0.000333 76 4.54 <0.001
Residual 1.164965 0.000073 15,732

SS—sum of squares; MS—mean squares; Individual—sex.
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Figure 6. Graphic representation of shape variation presented by PC1 (A), PC2 (B), PC3 (C), and PC4
(D). PC1 shows a straightening on the superior area of the lateral border and on the lower area of the
medial surface. An enlargement can be observed for the inferior and superior areas of the lateral and
medial surfaces. PC2 indicates straightening on both medial and lateral borders, but on the superior
and inferior surfaces it shows a slight length increase. PC3 implies a straightening on both superior
and lateral borders and the inferior side indicates another increase in length. PC4 denotes a length
decrease on the superior border but also an increase in the inferior surface. Both lateral and medial
surfaces demonstrate an enlargement on the upper half and a straightening on the lower half.
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Table 9. Cross-validated accuracy of the discriminant analysis performed with semi-landmarks data
for shape.

Jackknife Resampling

Males Females Total Accuracy

Males 63 37 100 63.00%
Females 35 76 111 68.47%

Total 98 113 211 65.88%

Table 10. Cross-validated accuracy of the discriminant analysis performed with semi-landmarks data
for size and shape.

Jackknife Resampling

M F Total Accuracy

M 71 29 100 71.00%
F 36 75 111 67.57%

Total 107 104 211 69.19%

Table 11. Allometric shape variation performed with a linear regression, showing that size yields an
inconsequential influence in shape.

Sum of Squares

Total SS: 1.164965
Predicted SS: 0.008401
Residual SS: 1.156564

Size-shape influence

% predicted: 0.72%
SS—sum of squares.

4. Discussion

The human skeletal sexual dimorphism is expressed as differences in size and shape,
with males presenting, in general, larger bones [23,24]. Sex differences observed on human
bones, including the scapula, are influenced by genetic factors, hormonal stimuli during
different stages of puberty, and socioeconomic and environmental factors, among oth-
ers [24,34,62,63]. These factors vary significantly between geographic populations, leading
to different degrees of sexual dimorphism in distinct populations.

The scapular sexual differences can be expressed in both size and shape and these
are significantly different between males and females in the studied sample. As observed
in other bones, e.g., [2,10,13,64,65], the scapula from male individuals is usually larger.
Traditional morphometric studies of the scapula also show that the human scapula displays
sexual dimorphism in relation to size, e.g., [66–69]. Previously, Mendes Correia [44] and
Xavier de Morais [46] studied Portuguese samples, substantiating the sexual dimorphism
of several linear dimensions of the scapula. Sexual dimorphism in bone size is due to
genetic factors that become apparent during puberty [70–72]. On average, females enter
puberty earlier than males as estrogen levels are higher, leading to an early growth spurt
and epiphyseal closure [9,70,73]. On the other hand, males have higher testosterone levels,
which stimulates bone growth and increases mineral density and the formation of muscle
tissue [71]. The growth velocity of the appendicular skeleton is greater than in the axial
skeleton, thereby the average male has longer arms and legs [70,74,75].

Males and females also vary in shape, in addition to size dimorphism, but the sys-
tematic evaluation of the patterns of sexual shape dimorphism is less frequent than the
analysis of sexual size differences [76]. Thus, it is important to specifically analyze skeletal
shape differences between sexes. Regarding scapular shape, there is an enlargement of the
scapula in males, the curvature of both medial and lateral surfaces is more pronounced



Forensic Sci. 2022, 2 790

in males. The inferior angle is more projected in males. The results broadly mimic those
by Scholtz et al. [26], who observed an enlargement of the scapula, a lateral border more
curved, and a projection of the inferior angle in males. The results also show a large amount
of individual variation and superposition between individuals of both sexes. This was
somewhat expected since the scapula is not constrained by specific biomechanical forces of
sexual selection, unlike the pelvis, for example, whose size and shape are to some extent an
outcome of the complexity of delivering a large-brained baby [77].

Still, shape differences might originate from males being generally more physically ac-
tive stimulating the development of the muscles. Hrdlička [78] stated that scapular growth
is affected by activity and muscular development, reflecting the adaptability in size, shape,
and strength. Kuhns [79] and Wolffson [80] also acknowledged that surrounding muscles
influence scapular shape, specifically on the medial border. Poor muscle development
causes a concave medial border, while a convex medial border is influenced by maximum
muscle development [79]. Scott [81] concluded that a larger muscle surrounding a particular
bone reduces ossification and bone growth processes. Charisi et al. [82] reported a high
degree of sexual dimorphism in the scapula in a Greek sample. The authors suggested that
this was related to a high-protein diet in combination with a marked sexual division of labor.

The discriminant analysis maximizes group differences and inflates the accuracy of
GM methods by including shape differences that are negligible [53]; as such, a jackknife
cross-validation was used to assess the performance of both methods presented here. The
results suggest that the estimation of sex through the scapula, based on landmarks and
semi-landmarks analyses, does not perform well, with at least a 35% of the error range. To
our knowledge, Scholtz et al. [26] is the only GM work focusing on the sexual dimorphism
of the human scapula. The reported accuracy of their method based on landmarks ranges
from 91.1% in females to 95.6% in males, while for the semi-landmarks the accuracy
declined to 64.4% in both sexes. However, these performance metrics were not obtained
with cross-validation and only re-substitution classification errors, widely understood as
optimistically biased, were conveyed [4]. Other GM-based works analyzed the sexual
shape dimorphism in different bones with seemingly excellent results in the prediction of
biological sex, e.g., [83–87].

Interestingly, some GM studies focusing on the humerus indicate that the estimation of
sex entirely based on shape variables is not accurate, with accuracy significantly increasing
when size is incorporated in the models [88,89]. Similarly, the combination of shape and
size variables of the scapula in the landmark-based approach of this study increased the
accuracy of the model. This is especially relevant since scapular sexual dimorphism using
traditional metric measurements—related with size—has been shown to predict sex with
allocation accuracies under cross-validation above 80.0% (Papaioannou et al. [24]; Koukiasa
et al. [14]; Ali et al. [90]; Vassalo et al. [68]). The concomitant quantification of size and
shape traits represents sexual dimorphism in a more complete and accurate manner, as the
two elements are closely entwined in the morphology of any individual [76,91].

5. Conclusions

Geometric morphometrics techniques feature promising results in the evaluation of
skeletal sexual dimorphism, including in the size and shape of the scapula. This study ben-
efited from the wide-ranging biological and social variation embodied by two Portuguese
skeletal reference collections to evaluate and interpret sexual dimorphism in the scapula.

As expected, the scapular size is larger in males, while the major scapular shape
variations are observed on the curvature of medial and lateral surfaces (more accentuated
in males) and the projection of the inferior angle (more acute/projected in males). However,
even though sex-related shape differences were observed, the GM failed to accurately
predict the sex of unidentified individuals based on shape only. Instead, a combination of
size and shape in the landmark-based analysis improved the cross-validated accuracy to
80.09%—although the same was not observed for semi-landmarks. These results support
previous works, thus suggesting that convening shape and size variables together might
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improve the chances of correctly sexing unidentified individuals with GM, especially in
skeletal elements that show low sexual shape dimorphism.
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