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Abstract: Objectives: The aim of this study is to evaluate the internal consistency of sex estimation using metric (long
bone length) and morphological (os coxae) methodologies from different bones and across different archaeological popula-
tions from different regions. Materials and Methods: Sex was estimated using characteristics of the pelvis and compared
with sex estimations using long bone length. Portuguese (659 females; 906 males) and English (141 females; 277 males)
archaeological collections were analysed in this study. A set of long bone length functions were developed using one of the
archaeological collections (531 females; 600 males) and its coincidence with sex estimated from the pelvis was compared
to the coincidence between the pelvis and long bone length sex estimations using functions developed from contemporary
collections. Intra- and inter-observer errors were calculated, as well as the sexual dimorphism index for each bone and
osteological collection. Results: The accuracy of the developed functions and the other methods tested is highly variable,
ranging between 25 and 100%. The accuracy of the standard forensic methods varied between collections and analysed
bones. Discussion: This study reinforces that long bone length is highly population-specific, even between samples of close
chronology and geography. Metric methods are good options to strengthen the sex estimations, but they need to be carefully
chosen and always report the estimated probability of being male or female in either forensic or archaeological analysis.
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1 Introduction

Estimating human sex is one of the first steps in recon-
structing a biological profile of skeletonised remains, both
in forensic and archaeological contexts. Sexual dimorphism
in bone dimensions develops just before sexual maturity
and is related to faster growth in females and an extension
of the pre-pubertal growth phase in males (e.g. Willner &
Martin 1985; Tanner 1990; Roche 1992; Gasser et al. 2000).
Routinely, anthropologists incorporate morphological traits
of the pelvis and the cranium into their sex estimations (e.g.
Sauter & Privat 1955; Ferembach et al. 1980; Buikstra &
Mielke 1985; Uytterschaut 1986; Buikstra & Ubelaker 1994;
Bruzek 2002; Bruzek & Murail 2006). When the pelvis and
cranium are not available for sex estimations, alternative
methods rely on metric analyses of other bones (e.g. Pons
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1955; Iscan & Shihai 1995; Silva 1995; Steyn & Iscan 1997,
Mall et al. 2000; Wasterlain & Cunha 2000; Mall et al. 2001;
Basi¢ et al. 2013).

Methods relying on bone measurements are highly pop-
ulation-specific and their accuracy can vary regionally and
chronologically (e.g. Bidmos & Dayal 2004). Bone length
can reveal developmental trends, environmental stress (such
as nutritional deficits) and evolutionary relationships (e.g.
Bogin 1999; Johnston & Padez 1999; Padez 2003; Padez
2007; Moore & Ross 2013), and are also largely affected by
secular changes in stature (e.g. Cardoso & Gomes 2009).
Cardoso & Gomes (2009) analysed approximately 7000
years of mean stature in Portugal. They observed a slow
increase in stature from prehistory to the Middle Ages, fol-
lowed by a negative trend to the late 19t century and a rapid
increase during the second half of the 20t century. This has
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also been recorded in other studies across Europe (e.g. Arcini
etal. 2014).

A few studies have developed metric sex estimation
methods for skeletal samples from Portugal. These meth-
ods were developed mainly from the Coimbra Identified
Skeletal Collection, which dates from the late 19t to the
early 20t centuries (e.g. Cunha 1993) and has not been fre-
quently tested in archaeological collections. From Coimbra
Identified Skeletal Collection, Pons (1955) examined the
sexual dimorphism in the femur using several measure-
ments. Silva (1995) assessed sex using the maximum
length of the calcaneus and talus. Wasterlain & Cunha
(2000) developed methods to diagnose sex based on the
vertical diameter of the femoral head and the vertical
diameter of the humeral head. Wasterlain (2000) also anal-
ysed the sexual dimorphism in the maximum length of the
radius. Using the Identified Skeletal Collection of Museu
Bocage of Lisbon University (Luis Lopes Collection),
Cardoso & Cunha (2000) evaluated the sexual dimorphism
in the upper limb proportions. The epicondylar breadth of
the humerus was also explored as a sex discriminant in
the Coimbra Identified Skeletal Collection and tested in
the Luis Lopes Collection (Albanese et al. 2005). More
recently, Curate et al. (2016) also used the Luis Lopes
Collection to estimate sex from the proximal femur. Garcia
(2012) tested the validity of the circumference at the nutri-
ent foramen of the tibia for sex in the Lisbon Collection
of Identified Skeletons and in a medieval collection from

Table 1. Collections used for this study.

Leiria (Portugal). Vertebrae have also been used to estimate
sex (Gama et al. 2015; Rozendaal et al. 2020) as well as
machine-learning classifiers (Navega et al. 2015; Curate
et al. 2017).

The aim of this study is to test whether sex estimation
using long bone length methods corresponds to sex estima-
tion using os coxae morphology in archaeological collec-
tions. We intend to test if metric methodologies (using long
bone length) developed from contemporary skeletal collec-
tions correspond to morphology methodologies (os coxae) in
the same way and across different populations from different
geographies. Another objective of this study is to compare
equations developed from contemporary and archaeological
skeletal collections.

2 Material and methods

This study compares sex estimation methods, developed from
the long bone length of contemporary and archaeological col-
lections, in Portuguese and English archaeological samples
(Table 1). The data from the Portuguese samples (Tomar,
Lisbon, Estremoz, Sintra and Santarém) was collected by
the authors during archaeological excavations, and the data
from the English samples (St Mary Graces, Spital Square,
East Smithfield Black Death cemetery, St Benet Sherehog)
were accessed online at the Welcome Osteological Research
Database (WORD Database 2009). The English archaeologi-

. . Number of Number of
Country City Site ID Chronology females males Total
Santa Maria do SMOL.A 11th—18th 32 155 187
Tomar . .
Olival SMOL.B centuries 531 600 1,131
; a th_1 5th
Estremoy, | RossioMarqués de | oy o 130715 18 36 54
_ Pombal centuries
<
=Y : i th
2 | Santarem | l&rei@deSanta o gop 14018 20 40 60 | 1.268
S Cruz centuries
. ?— 15t
Lisbon | Rua dos Lagares RL . 47 50 97
centuries
5 i th_145th
Sintra | a0 Miguel de SMO =15 1 25 36
Odrinhas centuries
1416t
St Mary Graces MSMG . 33 69 102
centuries
g th_] 4th
3 Spital Square MSS 12 1.4 17 30 47
éo centuries
5 London | East Smithfield 418
2 Black Death MESBD 14t century 61 119 180
5 cemetery
13 lh_l 7 th
St Benet Sherehog | PMSBS . 30 59 89
centuries
Total 568 1,118 1,686

It was not possible to measure all bones for all the individuals.
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cal samples were added to this study to further explore sex
estimation between populations from different regions.

Sex was estimated for the Portuguese samples using
the methods developed by Phenice (1969) and Buikstra &
Ubelaker (1994) using the pelvis. Cranial features were not
included as the crania were poorly preserved, especially for
some of the collections. If the pelvis features were non-con-
clusive the individuals were classified as undetermined and
not used for this study. Only individuals with clear sex esti-
mations were analysed.

The long bone length was chosen for this study as it is
the most registered measurement during archaeological
excavations. The ulna was not considered as fewer measure-
ments from this bone were available. The maximum length
of each long bone (humerus, femur, radius, tibia) was mea-
sured using an osteometric board (Martin 1928; Buikstra &
Ubelaker 1994). Not all long bones were present for each
skeleton, so the sample size varies depending on the bone
analysed. Measurements were preferentially taken from the
left side but when it was not possible measurements from
the right side were used. Bones with healed fractures, other
lesions or taphonomic damage that could affect the maxi-
mum length were excluded from this study.

Intra- and inter-observer technical error of measure-
ment (%TEM) and coefficient of reliability (R) were cal-
culated for 80 randomly selected bones (20 of each bone
type), following the suggestions of Ulijaszek & Kerr (1999).
Descriptive statistical analysis was carried out for each long
bone, generating mean values and standard deviations for
all the samples analysed. The length of the long bones of
males was compared to the length of the long bones from
females, using independent samples t-test, as a first assess-
ment as to whether long bone length in these samples was
sexually dimorphic. The sexual dimorphism index (SDI) was
also calculated (Borgognini Tarli & Repetto 1986) to better
understand the difference in the bone length mean between
females and males for the different collections.

Sex was estimated for the different samples using func-
tions developed from the maximum length of the humerus
(Kranioti & Michalodimitrakis 2009; Charisi et al. 2011),
radius (Wasterlain 2000; Charisi et al. 2011) and tibia
(Bruzek 1995; Kranioti et al. 2017). Sex estimation using
bone length was then compared to sex estimation using os
coxae (Phenice 1969; Buikstra & Ubelaker 1994) and a per-
centage of coincident estimations was calculated.

A set of long bone length functions were developed for
Tomar’s sample to estimate sex. The sex of these individuals
is unknown; therefore, they were classified as male or female
using sex estimations based on morphological features of
os coxae (Phenice 1969; Buikstra & Ubelaker 1994). The
os coxae are considered less population-specific than other
bones (Steyn & Patriquin 2009), still, some studies have
reported accuracies below 88% (Lovell 1989; Ubelaker &
Volk 2002; Steyn & Patriquin 2009) which bias the functions
developed from Tomar’s collection as the sex was estimated
using feature from the os coxae.
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Tomar’s archaeological excavation occurred in two
phases (2007/2008 and 2008/2009). Skeletons from the sec-
ond phase (SMOL.B), corresponding to areas 13 to 20 at
the archaeological site, were used for the discriminant func-
tion analysis and skeletons from the first phase (SMOL.A)
were used to test the functions. Individuals from SMOL.B
group were buried closer to the church, potentially having
higher socioeconomic status them those buried further from
the church (SMOL.A). Data were collected from 1131 adult
skeletons (531 females; 600 males) from SMOL.B group,
but it was not possible to measure all long bones for all the
individuals due to taphonomic degradation. Age was not
considered given the difficulty of accurately estimating age
in adult individuals (see Merrit 2017).

Following this, logistic regression was used to develop a
function for sex estimation:

log (ﬁ) = fo+ XiBixi (D

where,

1 — estimated mean for the population

Bp — intercept term

B; — slope (expected increment in the response per unit
change in x)

x; — full length of the bone

By applying the expression:

1
P= o Gormipm &)

where,

p — the probability of being male

B — intercept term

B; — slope (expected increment in the response per unit
change in x)

x; — full length of the bone

It is also possible to calculate the probability of being male
for a specific measurement (x).

The cut-off values were calculated using the unstandard-
ized canonical discriminant functions at group centroids
evaluated at group means. To facilitate the use in single
bones the cut-off values were also calculated in mm for each
analysed bone.

Data were analysed in IBM SPSS® 22.

3 Results

3.1 Intra- and inter-observer errors

The %TEM is below 5% for all the bones measured by the
same researcher (intra-observer technical error of measure-
ment) and the R is higher than 0.95 for all the measure-
ments (Table 2), except the tibia’s maximum length (R =
0.94). These values are within the acceptable observer error
(%TEM < 5%; R > 0.95) suggested by Ulijaszek & Kerr
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Table 2. Intra- and inter-observer technical error of measure-
ment (TEM) and coefficient of reliability (R) for each variable.

TEM | %TEM R
Humerus 0.68 1.23 0.96

Intra-observer | Radius 0.45 0.46 0.99
(N=20) Femur 0.59 0.89 0.97
Tibia 0.73 1.49 0.94

Humerus 0.73 1.78 0.85

Inter-observer | Radius 0.56 0.89 0.92
(N=20) Femur 0.63 1.26 0.90
Tibia 1.22 2.24 0.68

Acceptable human observer error: %TEM < 5% and R > 0.95.

(1999). For the measurements taken by two independent
researchers (inter-observer) the %TEM is lower than 5% and
the R varied between 0.68 and 0.92 (Table 2).

3.2 Descriptive statistics

The descriptive statistics and the univariate F ratio to measure
the differences between both sexes in the different samples
are shown in Table 3. The differences between sexes were
significant (p < 0.05) for most measurements, except for the
tibia in the RMPE (p = 0.06) and the SMO (p = 0.49) col-
lections. The sexual dimorphism index is variable between
the samples, but in general, the radius has the highest index
(Table 3). The RMPE collection has the lowest SDI for all
the analysed bones, with the SMO and ISCR collections also
showing low SDI.

3.3 Discriminant functions

Table 4 presents the coefficients for sex estimation, calcu-
lated from SMOL.B sample, and the cut-off points. The four
long bones measurements were combined in eleven different
functions (A to K; Table 4). These coefficients () — intercept
term; B; — slope; Table 4) can also be used to calculate the
probability of being male. Applying expression b) to func-
tion A, for example, for an individual whose humerus length
is 351 mm, radius length is 254 mm, femur length is 486 mm
and tibia is 399 mm the procedure follows:

1

p= 1 + e—(—23.692+(0.022x351)+(0.033x254)+(0.009x486) +(0.016x399)) =

0.96

The value calculated above suggests that there is a probabil-
ity of 96% of the individual being male.

The Akaike Information Criterion (AIC) shows that the
model of function A is the one that fits the data the best,
followed by the models of functions F and G (Table 5).
Classification accuracy for the discriminant functions ana-
lysed ranged from 82.8% (function J) to 92% (function G;
Table 5) and give better sex coincidence for the females than
males (Table 5). Of the single bones, the humerus (85.8%)
and the tibia (85.7%) are the most effective despite the radius

having the highest SDI (Table 4) and a lower AIC value
(Table 5).

3.4 Coincident sex estimations

When applying these functions to the other collections
(Tables 5, 6 and 7) the percentages of coincident sex esti-
mations (%CE) are highly variable among the different
samples and analysed bones. Using more than one bone, the
percentage of coincident sex estimations ranged between 25
and 100% in females and between 30 and 100% in males
(Table 6). Among the Portuguese collections, SMOL.A
showed a %CE larger than 80%, for both males and females
for functions A, C and G. In the RL collection only function
F coincidentally estimated sex for more than 80% in both
males and females. SMO presented a %CE larger than 80%,
for both males and females for functions C, D and F. None of
the functions presented a %CE larger than 80% in both sexes
for RMPE and ISCR. Of the English collections, functions A
to G showed higher %CE for PMSBS, with only function F
having a %CE lower than 80% for both sexes. A %CE higher
than 80% for both sexes was only observed when using func-
tion D for MSMG and function E for MESBD. For MSS
none of the functions presented a %CE larger than 80% in
both sexes. It is important to note the small sample sizes used
for these functions.

In the upper limb (Table 7), the coincident sex estimations
in pooled sex varied between 74 and 88% in the Portuguese
collections and between 82 and 91% in the English collec-
tions using the humerus length. Using the radius, the %CE
in pooled sex varied between 66 and 89% in the Portuguese
collections and between 83 and 93% in the English collec-
tions. Generally, there are higher %CE in the English than
in the Portuguese collections and these percentages varied
between males and females.

While the humerus length shows coincident percent-
ages over 80% for females from SMOL.A, SMOL.B, SMO,
ISCR, MESBD and PMSBS, these percentages were lower
than 70% for RL, RMPE, MSMG and MSS (Table 7). Using
the humerus, Kranioti and Michalodimitrakis’s (2009) func-
tion showed a %CE higher than 80% for both sexes in SMO,
ISCR, MESBD and PMSBS. The humerus length function
presented by Charisi et al. (2011) showed a %CE higher than
80% for both sexes in SMO, ISCR, MESBD and PMSBS.
Tomar’s function presented %CE higher than 80% for both
sexes only when used for SMOL.B.

The %CE also varied in the radius, with sex estimation
coincident in females below 70% for RL, RMPE, ISCR
(except for Tomar’s function), MSMG (with the exception
of Tomar’s function), MSS and PMSBS (with the excep-
tion of Tomar’s function). Both Charisi’s et al. (2011) and
Wasterlain’s (2000) functions using the radius had higher
than 80% coincident sex estimation for both sexes in
SMOL.A. Tomar’s function using the radius showed a %CE
higher than 80% for both sexes in SMOL.A, SMOL.B,
ISCR, MSMG and PMSBS.
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Table 3. Sample size (n), mean, standard deviation (SD), F ratios, p-values and sexual dimorphism index (SDI) for the long bones of
the collections tested (full names of the archaeological sites in Table 1).

Maximum length Females Males Fratio | p-value SDI

n Mean SD n Mean SD
SMOL.A Humerus 12 290.17 8.03 82 319.44 | 1821 29.94 <0.001 1.10
Radius 5 210.20 | 11.30 15 23393 | 10.51 18.50 <0.001 1.11
Femur 29 404.03 | 15.73 117 44591 | 25.10 73.37 <0.001 1.10
Tibia 29 328.21 | 13.63 116 362.54 | 32.97 30.04 <0.001 1.10
SMOL.B Humerus 339 286.01 | 14.32 388 317.77 | 16.30 721.31 <0.001 I.11
Radius 115 213.63 | 13.53 156 241.24 | 15.28 238.01 <0.001 1.13
Femur 385 402.37 | 19.52 457 440.13 | 21.92 685.08 <0.001 1.09
Tibia 349 330.68 | 16.89 436 366.02 | 19.67 708.29 <0.001 1.11
RL Humerus 35 292.80 | 29.60 32 320.81 | 21.14 19.54 <0.001 1.10
% Radius 33 218.79 | 24.96 35 246.26 | 11.99 34.08 <0.001 1.13
g‘ Femur 36 405.50 | 31.20 43 44774 | 21.64 50.10 <0.001 1.10
o Tibia 34 330.38 | 24.38 41 371.66 | 18.98 67.92 <0.001 1.12
gﬂ RMPE Humerus 13 298.15 | 20.29 28 317.89 | 16.16 11.25 0.002 1.07
2 Radius 17 221.35 | 11.95 31 23845 | 11.87 22.68 <0.001 1.08
& Femur 14 419.64 | 21.75 28 441.36 | 23.97 8.13 0.007 1.05
Tibia 13 346.46 | 17.16 31 359.65 | 21.36 3.88 0.055 1.04
SMO Humerus 8 294.53 | 14.84 9 337.61 15.52 33.99 <0.001 1.15
Radius 4 219.38 8.08 14 23993 | 12.70 9.17 0.008 1.09
Femur 8 424.56 | 15.27 18 454.86 | 28.35 7.98 0.009 1.07
Tibia 5 34570 | 27.68 15 375.33 | 27.02 4.46 0.490 1.09
ISCR Humerus 15 297.33 | 11.47 28 324.11 | 21.94 19.34 <0.001 1.09
Radius 12 220.17 5.51 25 240.68 | 14.38 22.54 <0.001 1.09
Femur 16 419.06 9.17 31 444.68 | 23.98 16.84 <0.001 1.06
Tibia 17 339.06 | 12.15 28 363.39 | 22.69 16.56 <0.001 1.07
MSMG Humerus 8 300.00 | 14.72 36 332.39 | 12.01 43.92 <0.001 1.11
Radius 16 218.75 | 12.69 26 24531 9.89 57.49 <0.001 1.12
Femur 18 425.11 14.13 33 459.39 | 20.66 38.19 <0.001 1.08
Tibia 19 336.74 | 14.11 42 372.36 | 19.87 49.53 <0.001 1.11
MSS Humerus 17 297.82 | 15.13 27 328.15 | 13.59 47.58 <0.001 1.10
Radius 12 223.08 | 10.66 23 246.22 | 12.48 29.78 <0.001 1.10
% Femur 12 414.42 | 2545 23 45291 19.58 24.79 <0.001 1.09
g Tibia 9 340.89 | 25.53 25 363.32 | 16.06 9.34 0.004 1.07
E MESBD Humerus 34 295.97 | 13.51 64 32395 | 17.93 63.51 <0.001 1.09
L%O Radius 27 217.00 | 10.62 51 240.84 | 11.22 82.65 <0.001 1.11
Femur 24 408.71 | 18.53 63 45233 | 22.02 74.06 <0.001 1.11
Tibia 37 329.51 | 15.34 85 358.60 | 17.86 74.22 <0.001 1.09
PMSBS Humerus 18 296.00 | 15.36 31 329.61 15.16 56.06 <0.001 1.11
Radius 19 215.74 | 11.26 35 241.51 10.85 67.71 <0.001 1.12
Femur 15 41587 | 23.74 18 458.11 | 22.32 27.67 <0.001 1.10
Tibia 22 328.41 11.07 39 368.74 | 23.14 58.90 <0.001 1.12
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Table 4. Estimated coefficients for sex estimation (g — intercept term; B; — slope).

A B C D E F G H I J K
N 175 529 242 711 547 203 228 727 271 842 785
B; | Humerus | 0.022 0.039 0.043 0.044 0.065
Radius 0.033 0.037 0.037 0.042 0.069
Femur 0.009 0.010 0.027 0.032 0.048
Tibia 0.016 0.018 0.030 0.023 0.036 0.054
Bo —23.692 | —22.577 | —21.762 | —21.752 | —21.585 | —21.397 | —23.194 | —-19.693 | —15.764 | —20.274 | —18.949

A — humerus+radius+femur+tibia; B — humerus+femur+tibia; C — humerus+radius; D — femur+tibia; E — humerus-+tibia; F — radius+tibia;

G —radius+femur; H — humerus; I — radius; J — femur; K — tibia.

Table 5. Classification accuracy for original and cross-validation for females, males, and pooled sex.

Cuteoff Cut-off . Predicted Group Membership Akaike
Vl:ll-l;)e value Original group (%) Cross-validated (%) Information
(mm) | Females | Males | Total | Females | Males | Total | Females | Males | Total | Criterion (AIC)
A | =0.269 69 106 175 94.2 91.5 92.6 91.3 90.6 90.9 93.10
B | —0.127 234 295 529 91.5 88.1 89.6 91.5 88.1 89.6 354.77
C | —0.169 104 138 242 91.3 90.6 90.9 913 90.6 90.9 165.32
D | —0.103 320 391 711 88.1 84.9 86.4 88.1 84.9 86.4 528.65
E | -0.121 243 304 547 89.3 88.2 88.5 89.3 88.2 88.5 375.80
F | —0.240 81 122 203 93.8 88.5 90.6 93.8 88.5 90.6 118.52
G | -0.257 90 138 228 94.4 90.6 92.1 94.4 90.6 92.1 14591
H | -0.068 | 301.9 339 388 727 88.8 83.2 85.8 88.8 83.2 85.8 569.39
I | —0.144 | 226.4 115 156 271 86.1 82.1 83.8 86.1 82.1 83.8 354.18
J | -0.078 | 420.8 385 457 842 85.7 80.3 82.8 85.7 80.3 82.8 753.59
K | —0.106 | 349.0 349 436 785 88.5 83.5 85.7 88.5 83.5 85.7 631.12

A — humerus+radius+femur+tibia; B — humerus+femur+tibia; C — humerus+radius; D — femur+tibia; E — humerus+tibia; F — radius+tibia;

G —radius+femur; H — humerus; I — radius; J — femur; K — tibia.

For the lower limb (Table 8), the %CE using the femur’s
maximum length was only calculated using Tomar’s func-
tion, which varied between 74 and 89% for pooled sexes.
However, this function showed very low coincident sex
estimations for females, particularly in the collections SMO
(25%), ISCR (33%), MSMG (33%) and MSS (50%). Using
the tibia, the coincident sex estimations in pooled sex var-
ied between 73 and 87% in the Portuguese collections and
between 71 and 87% in the English collections.

Tomar’s femur function showed a %CE higher than 80%
for both sexes only in SMOL.B. As observed for the femur,
this %CE using the tibia was not balanced for males and
females, but overall showed higher percentages than those
observed for the femur. Bruzek’s (1995) function showed
%CE higher than 80% for both sexes in MESBD and
PMSBS. The function presented by Kranioti et al. (2017)
displayed %CE higher than 80% for both sexes in MSMG
and Tomar’s function in SMOL.B MESBD and PMSBS.

4 Discussion

Previous research (e.g. Mall et al. 2001) suggests that when
only one of the long bones is present, the most accurate results
derive from the radius. The same is observed in the collec-
tions analysed in this study. The SDI is consistently higher
for the radius than the other bones (Table 3), except SMO,
for which the humerus has the highest SDI. The SDI calcu-
lated for each bone of SMOL.B sample (Table 3) is compara-
ble with the predicted cross-validated percentage (Table 5),
except for the radius. The radius has the highest SDI and the
femur the lowest, but their predicted cross-validated percent-
age is similar (radius = 83.8%; femur = 82.8%; Table 5). This
accuracy similarity, despite the different SDI, can result from
a much smaller sample of radii than femora, for developing
the functions and testing them. This is also supported by the
lower AIC value for the model using the radius (function I)
out of the models that only use one measurement, suggesting
that this model fits the data better (Table 5). Still, it is inter-
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Table 6. Percentage of coincident sex estimations (%CE) using the functions developed from SMOL.B sample.
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A B C D E F G
SMOL.A N 1 12 1 27 12 4 4

%CE 100 100 100 100 100 100 100

RL N 21 25 29 31 25 24 27

N %CE 62 76 59 93 76 92 74

% RMPE N 9 9 13 11 9 12 12

£ %CE 56 56 62 83 67 58 64

&~ SMO N 2 4 3 5 4 2 3
%CE 50 75 100 80 75 100 67

2 ISCR N 10 11 12 15 12 10 1
E %CE 60 64 83 100 67 100 73
MSMG N 4 4 7 14 5 14 10

%CE 25 25 57 100 40 79 60

MSS N 5 6 12 6 9 6 10

Z %CE 60 67 67 92 56 50 60
2 | mesBD N 1 13 18 20 21 2 16
%CE 73 77 72 100 81 95 69

PMSBS N 10 10 16 14 16 16 12

%CE 90 90 81 100 88 100 83

SMOL.A N 9 49 13 97 56 10 11

%CE 100 73 85 55 71 70 100

RL N 23 26 26 36 26 30 33

N %CE 100 100 100 55 96 87 91

% RMPE N 23 23 28 26 25 27 25

£ %CE 78 74 82 30 76 74 84

= SMO N 5 6 7 12 7 8 9
%CE 100 100 86 86 100 88 100

2 ISCR N 14 18 21 25 19 18 20
= %CE 79 78 76 52 79 65 79
MSMG N 11 16 22 25 2 18 19

%CE 100 94 100 81 91 89 95

MSS N 17 20 23 20 23 20 19

Z %CE 94 90 91 64 91 90 95
2 | mEesBD N 15 26 37 51 43 41 22
%CE 93 85 95 64 84 73 86

PMSBS N 9 10 23 16 2 23 15

%CE 100 100 100 100 91 78 93

A — humerus+radius+femur+tibia; B — humerus+femur+tibia; C — humerus+radius; D — femur+tibia; E — humerus+tibia; F — radius+tibia;

G —radius+femur; H — humerus; I — radius; J — femur; K — tibia.
Full names of the archaeological sites in Table 1.

esting to note that function G, which uses the radius and the
femur, gave the best sex estimation accuracy and function F,
using the radius and the tibia, is the second-best fit for the
data (Table 5). This can be related to the sex bias observed in
Tomar’s functions. Function G, for example, correctly esti-

mated 94.4% of the females and 90.6% of the males, which
may be related to the sample size of females (n = 90) being
smaller than that of males (n = 138).

Using a larger number of bones to estimate sex does not
necessarily mean better sex estimations, as suggested by the
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Table 7. Upper limb percentages of coincident estimations (%CE) for the different methods by sex and pooled sexes.

Humerus Radius
Micllf:::) l(lilior::iﬁakis Charisi Tomar Charisi Wasterlain Tomar
N 2009 et al. 2011 N et al. 2011 2000
%CE %CE %CE %CE %CE %CE

SMOLA | 12 100 100 100 5 80 80 100

» | SMOLB | 339 93 93 88 115 77 79 88

% RL 35 66 66 60 33 52 52 73

£ RMPE 13 62 62 62 17 53 53 59

= | = SMO 8 88 88 75 4 50 75 75
E ISCR 15 87 87 67 12 67 67 82
MSMG 8 50 50 50 16 56 63 81

Z MSS 17 65 65 59 12 58 58 67

2 | MESBD 34 82 82 74 27 70 70 74
PMSBS 18 83 83 61 19 68 68 89

SMOLA | 82 71 71 77 15 80 80 80

» | SMOLB | 388 77 77 81 156 91 90 83

% RL 32 88 88 94 35 100 97 94

£ RMPE 28 79 79 82 31 90 90 84

2 &~ SMO 9 89 89 100 14 93 93 93
> ISCR 28 82 82 79 25 92 92 82
MSMG 36 97 97 100 26 100 100 9

Z MSS 27 93 93 100 | 23 100 9 91

2 | MESBD 63 89 89 95 51 96 9 92
PMSBS 31 94 94 97 35 100 100 94

SMOL.A | 94 74 74 80 20 80 80 85

» | SMOLB | 727 85 85 86 84 84 84

“gﬂ RL 67 76 76 76 68 76 75 84

< £ RMPE 41 73 73 76 48 77 77 75
N B SMO 17 88 88 88 18 83 88 89
§ ISCR 43 84 84 77 47 66 66 86
= MSMG 44 89 89 91 42 83 86 90
Z MSS 44 82 84 84 35 86 83 83

L%” MESBD 97 87 87 88 78 87 87 86
PMSBS 49 90 90 84 54 89 89 93

Full names of the archaeological sites in Table 1.

AIC values for the different models (Table 5). The model with
the lowest AIC and therefore the one that best fits the data is
function A (Bozdogan 1987), which uses the measurements
of all the bones analysed. However, the model of function F
is the second-best fit for the data and only uses two measure-
ments, the maximum lengths of the radius and the tibia. In
this study, the cross-validated percentage of predicted group
membership (Table 5) was higher for function G (92.1%),
which combined the length of the radius and femur, than for
function A (90.9%), which took into consideration the length

of the four bones. Again, this is probably due to the smaller
sample size using function A than function G, as the model
of function A fits the data the best. Despite the radius hav-
ing the higher SDI in SMOL.B sample (Table 3), out of the
four analysed bones, the radius did not display the highest
cross-validated percentage of predicted group membership
(Table 5), which can be related to the smaller sample size for
this bone as the AIC value is lower for this model than the
others using single bones. The femur, which has the lowest
SDI (Table 3) also shows the lowest highest cross-validated
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Table 8. Lower limb percentages of coincident sex estimations (%CE) for the different methods by sex and pooled sexes.

Femur Tibia
= Tomar . Bruzek 1995 | Kranioti et al. 2017 Tomar
%CE %CE %CE %CE
SMOL.A 119 73 118 70 90 70
v SMOL.B 385 86 349 70 92 89
fs’o RL 36 67 34 71 88 76
£ RMPE 14 57 13 54 62 54
I SMO 8 25 5 40 60 60
E ISCR 15 33 16 53 88 63
MSMG 18 33 20 70 85 70
Z MSS 12 50 9 44 67 67
g MESBD 25 64 37 86 95 92
PMSBS 15 60 2 91 95 95
SMOL.A 117 89 116 84 61 82
N SMOL.B 457 80 436 89 76 84
:% RL 43 86 41 95 75 93
£ RMPE 28 86 31 81 68 77
o | F SMO 18 89 15 93 80 93
= ISCR 31 90 28 82 68 82
MSMG 33 94 42 90 86 90
Z MSS 23 100 25 88 80 80
E MESBD 62 95 85 87 61 86
PMSBS 18 94 39 85 79 82
SMOL.A 236 85 234 77 76 77
N SMOL.B 842 83 785 83 81 86
“?D RL 79 80 75 84 87 84
.| £ RMPE 42 74 44 73 86 70
L e SMO 26 77 20 80 75 80
E ISCR 46 79 44 73 75 73
= MSMG 51 76 62 84 85 84
Z MSS 35 83 34 76 76 76
g MESBD 99 89 122 87 71 75
PMSBS 33 79 61 87 85 87

Full names of the archaeological sites in Table 1.

percentage of a predicted group membership and the highest
AIC value (Table 5). RMPE and ISCR displayed the lowest
SDI (Table 3) out of the Portuguese collections, which can
explain why none of the %CE using multiple bones (Table 6)
presented values higher than 80% for both sexes. RMPE also
showed a particularly low %CE using single upper (Table 7)
and lower (Table 8) limb bones.

Overall, the %CE were higher for single (Table 7 and 8)
than for multiple bone functions (Table 6), which is probably
related to the smaller sample sizes allowing to measure more
than one bone.

Both Kranioti & Michalodimitrakis’s (2009) and Charisi
et al. (2011) functions to estimate sex from the humerus
maximum length showed similar results with higher %CE
for SMO, ISCR, MESBD and PMSBS (Table 7). These
results can be partially explained by the high SDI calcu-
lated for the humerus (Table 3), but not entirely, as other
collections have even higher SDI values for this bone than
ISCR and MESBD. The %CE from Tomar’s function is only
higher than 80% for both sexes when used for SMOL.B, the
sample from which the function was derived, and not when
used for SMOL.A despite both samples being from the same
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archaeological site. This difference between SMOL.A and
SMOL.B can be related to the different sample sizes or social
status, as SMOL.A represents an area further away from the
church than SMOL.B (Curto 2019). People of higher socio-
economic status were buried inside or closer to the church
than those of lower status (e.g. Binski 1996; Daniell 1997).

In general, there are higher %CE in the English than in
the Portuguese collections (Tables 6 and 7), despite the func-
tions tested being developed from South European popula-
tions (Wasterlain 2000; Kranioti & Michalodimitrakis 2009;
Charisi et al. 2011). For metric methods, the sample’s mean
compared to that of the methods might be more appropriate
than its temporal or geographic location. It is desirable to
calculate the probability of being male or female and classify
the individual as undetermined sex if the results are not con-
clusive as well as choose methods with similar mean mea-
surements to those observed in the sample under study. It is
also important to note the differences in chronology between
collections usually used to develop methods and archaeolog-
ical collections. In Portugal, from pre-history to the Middle
Ages there was a slow increase in stature, followed by a
negative trend until the late 19t century and a rapid increase
during the 27 half of the 20 century (Cardoso & Gomes
2009). This means that individuals from mediaeval and post-
mediaeval were taller than the ones from the Portuguese
Collections of Identified Skeletons used to develop metric
methodologies.

Charisi’s et al. (2011) functions gave a higher %CE for
different collections when using the humerus or the radius
(Table 7). This suggests that even within the same sam-
ple it may be important to choose a method for each bone
being studied, one by one. The different chronology could
be related to the different accuracy of Tomar’s functions
in other collections. However, other methods tested in this
study gave better coincident sex estimations than Tomar’s
functions (e.g. humerus) for some collections despite all of
them having used more recent osteological assemblages.
Therefore, the chronological period may not be the most
important aspect when choosing a metric method to estimate
sex. Body size sex dimorphism differs between populations
in a complex manner. Height reflects genetics and environ-
mental factors (e.g. Silventoinen 2003). Manifestations of
sexual dimorphism in the growth process such as different
timings of growth cessation (bimaturatism) and different
rates of growth between the sexes (Badyaev 2002), affect
the human body measurements. Other factors such as activ-
ity patterns (Krishan et al. 2016) and general secular trends
(e.g. Cardoso & Gomes 2009; Godde 2015) can also have an
impact on sexual dimorphism.

The variability in SDI between the collections under
study might be related with sexual differences in environ-
mental factors such as morbidity, nutrition, and gender spe-
cific workload, as well as regional secular trends and genetic
admixture. Low stature sexual dimorphism has also been
related with food security and higher female status (Gleeson

& Kushnick 2018). In the future, I better knowledge about
the history and lifestyle of the different populations under
study would help identifying specific factors that might have
played a role on the differences on SDI and the different
equations’ accuracy.

Study limitations

The most important limitation of this study was the fact that
these collections do not consist of identified skeletons, from
which we know their sex. To develop the functions for sex
estimation using the SMOL.B sample, the sex of these indi-
viduals was estimated through morphological methods based
on the pelvis. Therefore, the sex of some individuals, both
those used to build the functions and the other ones being
tested, may have not been correctly estimated to begin with.
Even though sex estimations using the os coxae have high
accuracies, even in archaeological contexts. An example is
the genetically sexed skeletons from the 13t—16t% century to
which sex was estimated with a 95.7% accuracy based on
morphological features of the os coxae (Inskip et al. 2019).
Still, populational discrepancies in sex estimations based on
pelvic features have been recorded by several researchers
(e.g., Walker 2005; Spradley & Jantz 2011). Non-binary sex
(Roca-Rada et al. 2022), even if rare, also plays a role in sex
estimation limitations.

It is also important to note the small sample sizes for
some samples when estimating sex (Tables 6 and 7). The
bone length depends on genetic factors, physiological stress,
nutrition and secular trends (e.g. Cowgill & Hager 2007;
Gustafsson et al. 2007; Cardoso & Gomes 2009). Epiphyseal
dimensions, on the other hand, are more prone to change as
a response to intense physical activity (Forriol & Shapiro
2005; Carlson et al. 2007) but have been suggested to dis-
criminate between sexes (e.g., Iscan et al. 1998; Frutos 2005;
Charisi et al. 2011). It would also be interesting to compare
sex estimated using os coxae to that estimated using epiphy-
ses width and head diameter.

5 Conclusions

The results in this study clearly show population-specific
sexual dimorphism and especially for the lower limb, how
the higher number of males, compared to females, biased the
general (pooled sex) percentage of coincident sex estimation.
The percentage of coincident sex estimations varied
greatly among the tested functions depending on the collec-
tion, however, it does not seem to be related to broad geog-
raphy (Portugal vs England) but rather to each individual
collection. Our results support previously published find-
ings that have shown sexual dimorphism of long bones to be
population specific (e.g. Bidmos & Dayal 2004) even within
similar geographic regions (e.g. Portuguese collections).
Forensic metric methods for sex estimation based on long
bone length can be used in archaeological samples, particu-
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larly when used to confirm sex. However, they should be
used with care and results should always be accompanied
by probability estimates of being male or female. We sug-
gest taking into consideration the mean bone length of the
sample, by sex, and how it relates to the mean of the samples
used to develop the methods. It is also important to consider
the SDI of the measurements within the samples.

Tomar’s functions can be used to estimate sex in other
samples, in the absence of bones more sexually dimorphic,
particularly if accompanied by a very high or low probability
of being male. However, these functions will be best used as
a metric confirmation of sex when the features from os coxae
and cranium provide ambiguous results.
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