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Coupling geometric morphometrics
and machine learning for
mandibular sex estimation in Late
Pleistocene and Late Modern
populations
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Julia Aramendi®

Accurate sex estimation is crucial for studying both modern and ancient human populations, yet
methods are often limited to well-preserved skeletons. Here, we combine Geometric Morphometrics
(GM) and Machine Learning (ML) to assess mandibular sexual dimorphism and classify sex across

a wide chronological and geographic range to bracket the potential of this approach. Sixty-seven
individuals from the modern, identified Luis Lopes collection (Portugal) and 18 Late Pleistocene
individuals from Jebel Sahaba (Sudan) were surface scanned. Anatomical landmark coordinates

were extracted and analyzed with GM, and ML models were trained on a subset of the modern
sample to predict sex in both the remaining modern individuals and the Late Pleistocene specimens.
GM revealed significant sexual dimorphism in all samples, and ML achieved high intrapopulation
classification accuracy. However, predictions were less reliable when applied across the temporally and
geographically distant Jebel Sahaba population, reflecting interpopulation differences in mandibular
size and shape. These results demonstrate that while GM-ML approaches are powerful tools for sex
estimation within populations, caution is required when extending models to other populations.
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Sexisone ofthemost fundamental biological parameters assessed in forensic, biological and palaeoanthropological
studies’?. In addition to allowing the osteobiographical characterization of individuals, it enables ensuing
analysis of, e.g., sex related differences in funerary behaviour’~S, weaning’, diet*®-!!, activity patterns>12-14,
mobility®!?, and pathology'>-"7.

Biomolecular methods (i.e., aDNA and proteomics) have been used to establish sex and provide very reliable
results'®-?’. Moreover, such methods typically require very reduced quantities of bone/teeth, overcoming
pervasive preservation issues in archaeological collections that lead to fragmentation and incompleteness of
skeletal elements, often precluding reliable morphological based sex-estimation!®212425 Yet, biomolecular
methods are destructive, require highly specialized (often expensive) laboratory procedures and also depend
on the preservation of proteins and/or DNA%. Thus, morphological-based sex estimation remains the most
common and feasible approach to sex classification of archaeological individuals.

Previous morphological-based sex estimation studies have explored sexual dimorphism in most bones of
the human skeleton. The most reliable regions for sex estimation are the os coxae and the skull, which typically
provide correct classification rates above 90%"*%-32 (but see Spradley and Jantz ** regarding the skull). Yet, these
bones are often fragmented or incomplete in archaeological and/or forensic contexts. Moreover, the complexities
of funerary behaviour often involve destructive procedures (e.g., cremation and reuse of funerary spaces) and/or
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post-depositional manipulation of the human remains, causing truncation of individuals and/or commingling
and fragmentation of bones**~*2 Thus, researchers have often to estimate sex based on individual bones rather
than complete skeletons, including post-cranial bones (other than the os coxae) which typically provide lower
correct sex classification rates and so are less reliable in sex assessment*>*,

Sex estimation based on the os coxae and skull is frequently based on scoring along semi-quantitative ordinal
scales of specific anatomical regions**~*”. While conventional metric methods are also used in these regions*®,
visual-based methods readily capture morphological information not easily quantifiable with the former metric
approaches**. Yet, visual scoring is based on somewhat subjective observer specific assessment, and so some
degree of inter-observer error emerges that may lead to conflicting estimations*>. To better represent 3D
morphology objectively and quantitatively, and to reduce inter-observer error, Geometric Morphometrics (GM)
has been used more recently to investigate sex related morphological differences in the pelvis®' > and skull>*-.
These approaches have provided very good results, but the use of conventional landmarks (LMs) is limited in
capturing 3D morphology. Hence, some studies have also used semi-sliding landmarks to enable dense coverage
of the cranium and to provide better morphological representation®.

Machine learning (ML) has also been recently used in sex estimation. Several types of data have been
used to create ML models, including linear measurements from cranial®®®! and post-cranial bones®-%’, and
cross-sectional data from long bones®®. While ML often improves correct sex identification, it has seldom
been applied together with GM methods®®%. Moreover, to the best of our knowledge, no studies have used
ML models developed with identified collections and tested sex classification of archaeological specimens with
sex already previously estimated based on multiple skeletal regions (including pelvises, crania and mandibles).
This is particularly relevant to test the potential and limitations of applying ML models to estimate sex in
archaeological specimens and so to enable examination of sex-based differences in past populations. This is the
case of mandibles, which are often used in studies about the morphological impact of population history and diet
on past populations’’-7>. Because they are often found isolated from the remaining skeleton, sex information is
typically not estimated due to uncertainty of predictions. Thus, it is vital to enhance mandibular sex estimation
reliability to enable further examination about past populations.

Here we use 3D GM to capture the mandibular morphology of an identified skeletal collection (Luis Lopes)
and examine sex differences. We then use resulting outputs to train ML models, classify the sex of held-out
specimens from the same (Luis Lopes) population and quantify the reliability of the ML predictions. Further,
we use those models to classify Late Pleistocene mandibles from Jebel Sahaba which have been previously
sexed morphologically (based on multiple skeletal regions) to examine the reliability of the GM based ML sex
classifications. The selection of such diverse testing samples is deliberate and aims to bracket the reliability of this
sex estimation approach. Specifically, the Luis Lopes intra-population testing sample is expected to provide the
most reliable expectable results, whereas the Jebel Sahaba testing sample the least reliable expectable results due
to its extreme (intra-specific) morphological difference (see details below).

Results

GM based morphological analysis

Our results show clear intra-population size differences between male and female mandibles. Within each
population, male mandibles are clearly larger than those of females (Fig. 1). The archaeological specimens
from Jebel Sahaba are, however, larger than those from late Modern Portugal, with no statistically significant
differences between females from the former and males from the latter.

The statistical analyses show morphological differences between populations and between the sexes.
Specifically, the PERMANOVA including the first PCs accounting for~95% of the total variance shows
statistically significant differences between all groups (males and females originating from Portugal and Sudan)
in form space. In shape space, all groups are significantly different, with the exception of males and females from
Jebel Sahaba (Table SI 1). Such differences are apparent in the PCA plotting PC1 and PC2, in which there is a
clear distinction between the sexes of both populations in PC1 (despite some overlap) in form, but not in shape
space, in which PC1 separates the two populations (Fig. 2). Males (which display lower PC1 scores within each
population) have more robust mandibles in form space in both samples, with, e.g., more vertical mandibular
symphyses, broader and upright rami and wider sigmoid notches compared to females (which display higher
PCI scores within each population). PC1 in shape space, which separates the two populations, shows that the
Jebel Sahaba mandibles are much more robust than those from the late modern Luis Lopes specimens.

As expected, the space that includes size (form) is strongly correlated with size Table SI 2). In shape space the
first (and some ensuing) PC is also tightly correlated with size when including both populations in the analysis.
However, when the populations are separated, the first PCs are no longer correlated with size within each of
them, suggesting the relationship between some of the shape PCs and size in this space are driven by the size
differences between the populations.

Machine learning

Multiple ML models were trained with different datasets to examine which would produce the best results both
in shape and form space. Specifically, the models were run using eight different sets of PCs in shape and form
space, including those capturing 100% of the total variance (56 PCs for shape and 57 PCs for form), 95% of the
total variance (23 PCs for shape and 18 PCs for form), 90% of the total variance (16 PCs for shape and 12 PCs
for form), and PCs considered significant with a value below 0.05 (Figure SI 1).

Model performance varies depending on the number of PCs included in the analyses. According to our
results, models generally perform best when using 90% of the total variance (Table 1), while they perform the
worst when using the full set of PCs obtained after PCA (Table SI 3). The latter result is likely due to the inclusion
of too many residuals in the analyses. Nonetheless, perfect accuracy was achieved only when using 95% of the
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Fig. 1. Centroid size of the specimens selected from the Luis Lopes and Jebel Sahaba collection. Results are
grouped by sex and origin, with corresponding p-values of non-parametric pairwise post-hoc statistical testing.
Note that all groups are significantly different from each other (except for late modern males from Portugal
and Late Pleistocene females from present Sudan).

variance in shape (Table SI 4). With 90% of the total variance, accuracy rates range from 65 to 95% (Table 1),
though the most common accuracy rate is 90%, with analyses on form variables generally performing better
than those on shape. This trend is observed across all analyses (Fig. 3, Table SI 4 and Table SI 5), suggesting that
size differences may be a significant factor in distinguishing male from female individuals in modern Homo
sapiens. This is consistent with the size results above, which show significant size differences between males and
females in both samples.

The inter-population reliability of the ML models predictions was tested by contrasting the ML classifications
with previous sex estimations of the Late Pleistocene Jebel Sahaba archaeological sample®. The results for this
archaeological sample do not reach the accuracy levels achieved with the modern testing sample, assuming the
skeletal morphology based anthropological classifications are correct. When using 90% of the total variance, the
highest agreement between anthropological and ML-based methods is 83.33%, and the lowest is 44.44%, with a
typical match rate of 61.11% (Table 2). Across the different models, there is a general tendency to overclassify the
archaeological sample as male when size is included in the analyses, while classifications based on shape alone
tend to be more balanced (Table 2, Table SI 6 — Table SI 8). Furthermore, correct female classifications tend to
be assigned with higher confidence when using shape variables, whereas correct male classifications are more
confidently made with form variables, though this trend is much more pronounced for females (Fig. 4).

However, classification probabilities do not commonly exceed 90%, even for matching classifications, and
high probabilities are equally common among mismatched classifications in shape space, though less frequent
in form space (Table SI 9 — Table SI 16). In other analyses using different sets of PCs, match percentages between
anthropological and ML methods range from 44.44% to 88.89%. The highest match rate in the study (88.89%) is
obtained in form space, where the SVMr on the significant PCs appears to avoid overestimating the number of
male individuals in the sample (Table SI 8).

Thus, the relationship between model accuracy on the modern sample and its performance on the
archaeological sample does not appear to be straightforward. An increase in accuracy on the testing set
classifications does not necessarily correspond to a direct increase in classification match for the archaeological
sample. Although the accuracy of ML models trained on the modern sample is a statistically significant predictor
for classifications in the archaeological sample (F<0.05), in both shape and form, with increasing accuracy
correlating with increases in the outcome variables (Figure SI 2), this association explains only a small fraction
(approx. 12.5%) of the variance in the archaeological sample (Table SI 17).

Discussion

Overall, and consistent with previous studies, our GM results show clear sexual dimorphism in mandibular
morphology”’~%3, as well as inter-population morphological differences’®’!. Consistent with previous studies
using ML for sex classification®-¢, the ML models were very efficient in the sex classification of the late modern
identified Luis Lopes intra-population test sample, with average accuracies of 90% (see details above). However,
the sex classification of the temporally and geographically distant mandibles of Late Pleistocene Jebel Sahaba
was meaningfully less efficient, with average accuracies of 60 - 63%. Although we cannot exclude the possibility
of some skeletally misclassified archaeological individuals impacting our results, these differences are most
likely due to meaningful inter-population size and shape differences that resulted in frequent misclassifications
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Fig. 2. (A) Shape and (B) form PCAs. Results are colour coded and grouped by sex and origin. Note that form
space shows apparent intra-population sex differences. In shape space there are no apparent intra-population
sex differences, but clear inter-population differences.

(especially of females as males with form space derived data). These results are, however, predictable and
consistent with previous studies highlighting inter-population morphological differences and cautioning against
the use of inadequate reference samples to classify target specimens® 1. This is particularly relevant in this study
because the individuals from Jebel Sahaba belong to a highly robust population characterized by plesiomorphic
traits, extreme dental dimensions and complex crown morphology, as well as robust morphological features,
some being related to powerful masticatory apparatus!®>-1%. This unique phenotype has been interpreted as a
consequence of population isolation during the Late Pleistocene in the Nile valley'!*!!!, which may influence
the classification efficiency.

The following sections discuss in more detail the GM and ML results, along with the limitations of this study
and future research prospects.

Geometric morphometrics

Our GM results show sexual dimorphism in mandibular morphology, along with inter-population differences.
Males have significantly larger mandibles than females in both populations (assessed via centroid size), and shape
and form sex differences were also detected. PERMANOVA also shows shape differences between males and
females in the late modern identified Portuguese sample, but not in the Late Pleistocene Jebel Sahaba. In form
space (which includes size) sex differences were found in both populations by the PERMANOVA. Despite these
results, plotting of PC1 and PC2 in shape space shows overlapping of sexes in both populations but separation
in form space. This suggests that sex differences found in lower dimensional space are mainly driven by size and
that shape differences are found in higher dimensional space and in PCs which account for smaller proportions
of morphological variance. This interpretation is supported by regression of PC scores against centroid size. This
analysis shows that these morphological variables are (expectably) significantly related in form space in lower
dimensions, and significant relationships in shape space are found only in higher dimensions. Thus, most of the
sexual dimorphism we found in these samples is due to isometric size differences between sexes.
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Model | Data | Accuracy | Kappa | AccLower | AccUpper | Sensitivity | Specificity | BalAccuracy
shape | 0.75 05 0.509 0.9134 0.7778 0.7273 0.7525
kNN form | 0.85 0.7059 | 0.6211 0.9679 1 0.7273 0.8636
shape | 0.8 0.596 | 0.5634 0.9427 0.7778 0.8182 0.798
LGR form | 0.9 0.798 | 0.683 0.9877 0.8889 0.9091 0.899
— shape | 0.65 0.3 0.4078 0.8461 0.6667 0.6364 0.6515
form | 0.9 0.802 |0.683 0.9877 1 0.8182 0.9091
shape | 0.85 0.7 0.6211 0.9679 0.8889 0.8182 0.8535
KE form | 0.95 0.9 0.7513 0.9987 1 0.9091 0.9545
shape | 0.65 0.2857 | 0.4078 0.8461 0.5556 0.7273 0.6414
B form | 0.9 0.7980 | 0.683 0.9877 0.8889 0.9091 0.899
B shape | 0.7 0.4059 | 0.4572 0.8811 0.7778 0.6364 0.7071
form | 0.9 0.798 | 0.683 0.9877 0.8889 0.9091 0.899
shape | 0.9 0.798 | 0.683 0.9877 0.8889 0.9091 0.899
LDA form | 0.9 0.798 | 0.683 0.9877 0.8889 0.9091 0.899
shape | 0.9 0.7938 | 0.683 0.9877 0.7778 1 0.8889
pLs form | 0.9 0.802 |0.683 0.9877 1 0.8182 0.9091
suML shape | 0.85 0.7 0.6211 0.9679 0.8889 0.8182 0.8535
form | 0.9 0.7938 | 0.683 0.9877 0.7778 1 0.8889
UM shape | 0.9 0.802 |0.683 0.9877 1 0.8182 0.9091
form | 0.85 0.7 0.6211 0.9679 0.8889 0.8182 0.8535
NNET shape | 0.95 0.898 | 0.7513 0.9987 0.8889 1 0.9444
form | 0.95 0.9 0.7513 0.9987 1 0.9091 0.9545
Table 1. Results provided by ML algorithms based on PCs accounting for over 90% of the total variance in

shape and form. Algorithms with accuracy above 90% are highlighted in bold.
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Fig. 3. Accuracy achieved by the best-performing ML models trained with the different sets of PCs (including
100%, 95%, 90% of the total variance and the PCs established based on p values) in shape and form created for
this particular study.
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Model | Data | N male using ML methods | N female using ML methods | N same sex attribution (%)

Shape | 6 (4) 12 (6) 55.56%
NN P i

Form |17 (10) 1(1) 61.11%

Shape | 13 (7) 5(2) 50%
LGR P °

Form | 15(9) 3(2) 61.11%

Shape | 8 (4) 10 (4) 44.44%
DTC5.0

Form | 17 (10) 1(1) 61.11%
RE Shape | 6 (4) 12 (6) 55.56%

Form |17 (10) 1(1) 61.11%
GB Shape | 6 (4) 12 (6) 55.56%

Form |17 (10) 1(1) 61.11%

Shape | 3 (3) 15 (8) 61.11%
NB

Form | 15(9) 3(2) 61.11%

Shape | 9 (7) 9 (6) 72.22%
LDA

Form | 15(9) 3(2) 61.11%

Shape | 8 (7) 10 (7) 77.78%
PLS

Form | 17 (10) 1(1) 61.11%

Shape | 15 (9) 3(2) 61.11%
SvMl

Form |15 (9) 3(2) 61.11%

Shape | 8 (5) 10 (5) 55.56%
SVMr

Form |9(8) 9(7) 83.33%

Shape | 9 (7) 9(6) 72.22%
NNET

Form |17 (10) 1(1) 61.11%

Table 2. Classification provided by ML algorithms for the archaeological sample using the set of PCs that
account for 90% of the total variance in shape and form space. The number of samples classified consistently by
both anthropological methods and ML algorithms is indicated in brackets.

Machine learning

ML models were trained (with supervision) using 11 different algorithms, different sets of PCs derived from
both shape and form space, and were first assessed with a holdout testing sample (all using the late modern
identified Portuguese sample). Overall, models performed best using the PC scores accounting for 90% of the
total variance and classified sex more accurately in form than in shape space. Indeed, when using 90% of the
total variance, shape-based sex estimation accuracy averaged 81%, whereas form-based sex estimation averaged
90% (see details above). These intra-population accuracies are typically higher than those reported by most
studies estimating sex based on mandible morphology. Most studies report accuracies ranging from ~60%
to ~ 859%7879:81-8590-92.9097 ith only a small number reporting accuracies of ~90% or more”””. Further, the use
of these methods mitigates inter-observer subjectivity of morphoscopic scoring®>>>!12-115 and automates sex
estimation, thus providing potentially less subjective and more reliable classifications.

Consistent with the Luis Lopes collection test sample, accuracy of sex classification of the Jebel Sahaba
mandibles was higher using form than shape space derived data. However, the difference in the performance
of shape and form-based models using the archaeological specimens was small. Further, the accuracy of sex
classification was also much lower, averaging only 60.10% in shape and 63.13% in form space derived models
(see details above). Notwithstanding, some models provided accuracies as high as 83.33% in form (SVMr) and
77.78% in shape space (PLS). The generally low accuracies in the latter space result from generally balanced
misclassifications in both sexes. In contrast, females are more frequently misclassified as males in form space.
Mandibles in the Jebel Sahaba sample (which have been described previously as highly robust; see above)
are significantly larger than in the identified Luis Lopes collection, with females from the former presenting
comparable size to the males from the latter. Thus, these misclassifications in form space are likely driven by
inter-population size differences.

Consistent with previous studies, these results highlight how inter-population morphological differences
impact sex estimation and may lead to potentially biased results when inadequate reference samples or methods
are chosen to classify biologically distant target samples*+9°-104116117 Such differences may arise due to differences
in, e.g., population history!'8-12., climate!!*1?%, the mechanical demands of the masticatory system’%71:7475:122
and nutrition'?. These may lead to overall interpopulation differences in size and/or shape that, in turn, impact
the patterns of sexual dimorphism. Indeed, the expression of sexual dimorphism varies across populations, with
contrasting patterns of robusticity in both males and females potentially leading to incorrect sex estimations
when inadequate reference samples are used or estimation methods are not adjusted accordingly'®*!!”. This
has been hypothesized to drive the over-representation of one sex over the other in the examination of, e.g., sex
ratios in past populations!4125,
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Fig. 4. Probability percentages assigned to each archaeological sample following ML model training on

the PCs capturing 90% of the total variance in both shape and form space. Classifications under Mm and Ff
represent samples consistently assigned to male and female groups by both anthropological and ML methods.
Fm denotes samples classified as female by ML models but as male by anthropological methods, while Mf
indicates cases where ML models classify as male but anthropological methods classify as female.

Limitations

Overall, this study shows that the clear sexual dimorphism in mandibular morphology can be used to estimate
sex reliably within populations. However, sex classification of specimens from other populations is more
challenging with meaningfully lower accuracies. This may result from several limitations of this study that will
be tackled in future studies.

One of the limitations is that this study only includes one reference identified population from late modern
Portugal. To classify individuals from other geographies and/or chronologies it would be very relevant to include
other reference populations and so account for inter-population morphological differences. This would be
particularly relevant in target samples as morphologically distinct as the Late Pleistocene Jebel Sahaba, which
has been previously described as likely isolated from other populations, being particularly robust and with very
large teeth (see above). Moreover, it would also be potentially relevant to increase sample size of the reference
population(s) to provide a more comprehensive depiction of intra-population and sex specific morphological
variance.

Conversely, this study only uses two testing samples: (i) the intra-population holdout Luis Lopes and the
(ii) inter-population Late Pleistocene Jebel Sahaba samples. This choice was deliberate to enable bracketing the
reliability of this sex estimation approach by using (held out) specimens from the same population used to train
the ML models and an extremely morphologically distinct archaeological testing sample. This results in lower
reliability results in the latter sample. Notwithstanding, we predict that ensuing studies using archaeological
testing samples biologically closer to the reference sample (e.g., medieval or modern age samples originating
from Portugal) will result in better results than those obtained for Jebel Sahaba.

Despite the very encouraging intra-population results using the LM dataset adopted in this study, no
semi LMs were used. The use of the latter would provide a more detailed morphological representation of the
specimens and of specific anatomical regions known to show significant sexual dimorphism (e.g., chin, gonial
angle, posterior ramus). This may enable better sex classification accuracies. However, the application of such
LMs to archaeological specimens will be challenging frequently. This is because archaeological specimens are
often fragmented, precluding the use of dense landmarking protocols.

The sex of the specimens from the Late Pleistocene Jebel Sahaba sample was previously estimated using
standard multi-factorial anthropological methods, including pelvis and skull-based sex estimation’®, and this
classification was used as reference to assess the reliability of the ML predictions. Although pelvis and skull-based
sex estimation typically provides very reliable results, we cannot exclude the possibility that some of the more
incomplete individuals may have been misclassified also due to the inevitable absence of reference populations
similar to the Late Pleistocene Jebel Sahaba. Thus, the use of modern reference data may drive misclassification
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in targeting biologically and morphologically distinct populations'?>. If this was the case, this would impact our
results. To overcome this limitation, future studies will include archaeological samples for which sex is estimated
independently using biomolecular methods (i.e., aDNA or palaeoproteomics). This powerful approach will allow
sex determination of the archaeological individuals and ensuing creation of archaeological reference samples.
These will account for geographical and temporal differences and enable the development of archaeological
population specific morphological sexing methods.

Materials and methods

This study is based on 85 adult mandibles (Table 3). Sixty-seven originate from the Lisbon Luis Lopes identified
skeletal collection'? and the remaining 18 from the Jebel Sahaba Late Pleistocene sample’®. The selected
specimens were surface scanned to enable GM based morphological analysis. To that end, landmark coordinates
were extracted from the generated meshes for ensuing use in standard GM analysis. GM outputs were then used
in supervised ML to create models that enable the mandibular-based prediction of sex in the archaeological Jebel
Sahaba sample.

Specimen selection

Only individuals no younger than~18 years of estimated age were used in this study. This is because
mandibular morphology diverges between males and females during puberty, and so younger individuals do
not present meaningful sex-related morphological differences'?’. Further, growth and development induce
major morphological changes that are not of interest in this study and that would obscure the sex-related
morphological differences'?’. Age assessment of the individuals (i.e., non-adult vs. adult) from the identified
collection was based on the records of the individuals and validated via scoring of dental development and
eruption sequences'?®. This was particularly suitable as completion of dental development plays a role in the final
shape and size of the mandible. The sex identified on the individual records of the Luis Lopes collection (curated
by the co-author SG) was used for the GM analysis of sexual morphological differences and in the validation
of the ML predictions. The age at death (i.e., non-adult vs. adult) of the archaeological individuals from Jebel
Sahaba was estimated via direct observation of dental eruption sequences'?8. The sex of these individuals was
previously estimated by Crevecoeur, et al. 76 based on the observation of the hip bones (Bruzek'?®, Murail et
al.!® and Bruzek et al.’!) and the skull (Buikstra and Ubelaker*®), with estimation reliability reported therein.
These estimations by Crevecoeur, et al. 7 were used on the GM based examination of sex related morphological
differences and on the ML predictions of sex.

Selection was also restricted to specimens that were fully, or almost fully, complete for the landmarking
protocol used in this study. This option was favoured because estimation of the original location of the anatomical
LMs introduces some degree of error and, so, noise to the analysis (see details below). Thus, 53/67 (79.1%)
mandibles presented no missing LMs, and only the remaining 14/67 (20.9%) presented one (9/67; 13.4%) or two
(5/67;7.5%) missing LMs in the Luis Lopes identified sample (Table SI 18). In the Late Pleistocene archaeological
sample from current Sudan, 4/18 (22,2%) mandibles were complete, 5/18 (27,8%) had one missing LM, 1/18
(5,6%) 2,5/18 (27,8%) 3,2/18 (11,1%) 4 and 1/18 (5,6%) 5 missing LMs (Table SI 18). This strict selection criteria
resulted in the exclusion of several individuals due to fragmentation or oral pathologies impacting morphology
(e.g., extensive ante-mortem tooth loss).

Digitization and GM based morphological analysis

After selection, specimens were digitised using an Einscan Pro 2X Plus structured light surface scanner. Points
clouds were converted into meshes using the EXScan Pro software, which were then used to collect coordinates
from a set of 21 anatomical landmarks per specimen (Fig. 5 and Table SI 19). The LM coordinates were collected
in the open-source 3D Slicer software!’!.

The coordinates were then imported into R and the packages Geomorph!*? and Morpho!®*, were used for
ensuing reconstruction of incomplete specimens and GM analysis. The original location of missing anatomical
landmarks was estimated using the estimate.missing Thin Plate Splines (TPS) based function of Geomorph. TPS
based reconstruction provides reliable predictions of the original morphology but, nonetheless, introduces some
errors. The magnitude of the errors relates to which and how many LMs are being reconstructed!**. While we
restricted the maximum number of missing LMs to 5, most of the selected specimens displayed the complete
set of (or lacked up to a maximum of two) LMs (Table SI 18). Previous studies have also shown that significant
estimation errors may emerge when inadequate specimens are selected as reference!*-!%7. Although we found
no significant error differences when selecting reference specimens from different modern human populations
in another study’®, we opted for population specific missing data estimation. (i.e., incomplete specimens from
the Portuguese sample were reconstructed based on complete specimens from Portugal; incomplete specimens
from Jebel Sahaba were reconstructed based on complete specimens from the same population).

133

Female | Male | Total
Luis Lopes (Portugal) | 30 37 67
Jebel Sahaba (Sudan) | 8 10 18
Total 38 47 85

Table 3. Sample composition of the individuals selected from the collections used in this study.
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Fig. 5. Landmarks used for extraction of coordinates. Specimen in (A) anterior, (B) lateral and (C) superior
view.

Two spaces were used in the GM analysis: shape and form. In shape space, scaling removed (isometric)
size differences'3¥110. In form space, (isometric) size differences were first removed via scaling and were then
re-introduced via inclusion of log centroid size!*®!4!. Differences in size between the sexes were examined
using Centroid Size (CS). Principal Component Analysis (PCA) ensued to examine shape and form differences
between males and females, which were visualized together with TPS warpings along the relevant principal
components (PCs). Shape and form PC scores were also regressed against size (i.e., centroid size) to examine the
relationship between these variables for the whole pooled sample and in each individual population.

A Kruskal Wallis test, ensued by post-hoc tests, was used to examine hypothetical differences in size (as
assessed via centroid size) between sexes and populations. PERMANOVA was performed in Past'*? to test
for shape and form statistical differences between males and females using the PC scores of the first PCs
explaining ~ 95% of the total variance.

Machine learning

Principal components scores derived from shape and form analyses were subjected to ML methods. Initially,
the late modern Luis Lopes identified sample was split into two sets: training (70%) and testing (30%), to assess
model reliability. Analyses were conducted in shape and form space across four rounds: using the full variance,
PC scores accounting for 95% of total variance, PC scores accounting for 90%, and PCs identified as significant
by permutations with the GraphGMM library'**.

ML models require large sample sizes for effective training, so artificial methods to increase sample size are
commonly used in archaeology, paleontology, and anatomy!#4-146, as these fields are often limited by access to
reference collections, as is the case in the present study. However, no artificial sample-increasing methods were
used in this study. Bootstrapping was avoided, as it merely duplicates known data multiple times, potentially
leading to overfitting during model training!'*®1%’. Similarly, given that our sample is limited to a specific
population, applying generative adversarial networks to generate artificial data within the morphological
variance range was deemed unsuitable!'%. Therefore, we proceeded with only the collected sample, with the aim
that additional sexed osteological collections from different geographical areas and chronologies will eventually
be incorporated into the training set in future studies.

Among ML approaches, supervised learning methods were preferred, requiring a pre-classified dataset with
built-in learning and self-control mechanisms. To mitigate potential overfitting, self-correcting techniques
such as k-fold cross-validation were employed. The original sample was partitioned into 10 sets to generate
“submodels” with performance across these submodels assessing overall model efficiency.

The sexed modern osteological Luis Lopes collection was used to train the models, which were then applied
to classify Late Pleistocene mandibles as male or female. Eleven algorithms were used in this study, including
k-Nearest Neighbour (kNN), Logistic Regression (LGR), Decision Trees (DTC5.0), Random Forest (RE),
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Gradient Boosting (GB), Naive Bayes (NB), Linear Discriminant Analysis (LDA), Partial Least Squares (PLS),
Linear and Radial Support Vector Machines (SVMI and SVMr), and Neural Networks (NNET). All algorithms
were trained using the ‘caret’!*® and ‘caretEnsemble’ 14 R libraries. Model tuning, essential for classification
accuracy, was conducted using hyperparameter grids to test various parameter values, with optimal values
selected for each algorithm. The ‘tuneLength’ function in these libraries enabled hyperparameter configuration
by generating 20 models per algorithm, with accuracy and Kappa values guiding optimal selection.

Differences in prediction performance and classification rates among models were compared considering a
set of factors, including kappa, sensitivity, specificity and balanced accuracy values. Kappa statistics account for
chance in predictions, with values ranging from -1 to 1 (kappa > 0.8 signals high predictive power)!’. Sensitivity
and specificity measure opposite rates: true positive versus true negative classifications'*’. These values are
balanced through averaging, resulting in a model efficiency score from 0 to 1'%,

Classifications for the archaeological sample were compared across models and against classifications from
traditional anthropological methods based on all available skeletal elements of each individual’®. Additionally,
posterior probability values (p) were calculated for each individual to determine group membership reliability,
with values exceeding 0.9 typically regarded as strong identifications.

Permission

Access to the Luis Lopes identified sample was granted by the housing institution, the Portuguese Museu
Nacional de Historia Natural e da Ciéncia (MUHNAC). Access to the Jebel Sahaba sample was granted by the
housing institution, the British Museum. Both access permissions ensued formal access requests to each of these
institutions and assessment by the relevant boards. All regulations of each of these institutions were followed.
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