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Abstract — The field of anthropometry is crucial in develop-
ing methods for reconstructing the biological profile of
skeletal remains. Ensuring the accuracy and reliability of
osteometric data is therefore essential for methodological
validation. This study assesses the repeatability and inter-
observer reliability of skeletal measurements collected for
the publication of the Olivier Collection. Four observers re-
corded 42 linear variables (11 cranial and 31 postcranial) on
40 randomly selected skeletons. Inter-observer variation was
evaluated through Student’s #-tests, Cohen’s d, repeated-
measures ANOVAS, intraclass correlation coefficients (ICCs),
and both absolute and relative technical errors of measurement
(TEM, rTEM). Additionally, a new hierarchical linear model
method was used to partition measurement variance into
components attributable to subjects, systematic and random
measurement error or systematic effects associated with sex.

Significant systematic measurement effects (p<0.05)
were identified for 30 of 42 variables, particularly in cranial
traits and femur/tibia diameters (explained variance 0.19-
0.37). Systematic sex-related effects were detected for
11 variables, suggesting that observer variability may interact
with sexual dimorphism. Nevertheless, random measurement
error accounted for the largest proportion of total variance
(typically 0.75-0.97), and ICCs above 0.8 confirmed high
overall reliability.

Together, these results show that measurement variabil-
ity in osteometry arises from both systematic and random
components, with more marked observer-dependent effects
in the case of complex or morphologically variable traits.
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This study provides a comprehensive evaluation of inter-
observer reliability and measurement error, establishing the
methodological soundness of the Olivier Collection data-
set and supporting its future use as a validated reference
resource for osteometric and forensic research.

Keywords — Inter-observer reliability, osteometry, measure-
ments, analyse of variance, technical error of measurement,
Olivier collection

Résumé — Le domaine de 1’anthropométrie joue un rdle
crucial dans le développement de méthodes permettant de
reconstituer le profil biologique des restes squelettiques. Il
est donc essentiel de garantir la précision et la fiabilité des
données ostéométriques pour la validation méthodologique.
Cette étude évalue la répétabilité et la fiabilité inter-observa-
teurs des mesures squelettiques recueillies pour la publication
de la collection Olivier. Quatre observateurs ont enregistré
42 variables linéaires (11 craniennes et 31 post-craniennes)
sur 40 squelettes sélectionnés au hasard. La variation inter-
observateurs a été évaluée a 1’aide de tests t de Student, du
coefficient d de Cohen, d’ANOVA a mesures répétées, de
coefficients de corrélation intraclasse (ICC) et d’erreurs
techniques de mesure (TEM, rTEM) absolues et relatives.
De plus, une nouvelle méthode de modele hiérarchique
linéaire a été utilisée pour partitionner la variance des
mesures en composantes attribuables aux sujets, aux erreurs
de mesure systématiques et aléatoires ou aux effets systéma-
tiques associés au sexe.
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Des effets de mesure systématiques significatifs (p<0,05)
ont été identifiés pour 30 des 42 variables, en particulier
dans les traits craniens et les diamétres fémoraux/tibiaux
(variance expliquée 0,19-0,37). Des effets systématiques
liés au sexe ont été détectés pour 11 variables, ce qui sug-
gere que la variabilité des observateurs peut interagir avec
le dimorphisme sexuel. Néanmoins, les erreurs de mesure
aléatoires représentaient la plus grande partie de la variance
totale (généralement 0,75-0,97), et les ICC supérieurs a 0,8
ont confirmé une forte fiabilité globale.

Ensemble, ces résultats montrent que la variabilité des
mesures ostéométriques provient a la fois de composantes
systématiques et aléatoires, avec des effets plus importants
liés a I’observateur dans le cas de traits complexes ou mor-
phologiquement variables. Cette étude fournit une évaluation
compléte de la fiabilité inter-observateurs et des erreurs
de mesure, établissant la validit¢ méthodologique de 1’en-
semble de données de la collection Olivier et soutenant son
utilisation future comme ressource de référence validée
pour la recherche ostéométrique et médico-légale.

Mots clés — Fiabilité inter-observateur, ostéométrie, mesures,
analyse de la variance, erreur technique de mesure, collec-
tion Olivier

Introduction

Accurate estimation of biological profiles, including sex,
age at death, stature and population affinity, is of paramount
importance in the fields of bioarcheology and forensic an-
thropology. The accuracy of a method is closely dependent
on its reliability, so that the use of precise and validated
techniques is essential in these fields (Fojas et al., 2018).
In the field of anthropology, metric methods are frequently
employed to estimate sex or stature (Constantinou and Nikita,
2022; Hartley et al., 2022; Yadav et al., 2023). For instance,
in the absence of the pelvis, other postcranial skeletal meas-
urements may serve as a reliable alternative for sex estima-
tion (Spradley and Jantz, 2011; Kriiger et al., 2017; Stock,
2020; Constantinou and Nikita, 2022; Knecht et al., 2023).
These metric methods are based on measurements of various
skeletal elements, including long bone length, bone head
diameter and epiphyseal width, and thus rely on precise
and standardized acquisition of quantifiable data. These data
are indispensable to formulate discriminant formulae and
determine cut-off points for the estimation of biological
profiles. It is therefore of great importance to establish
comprehensive skeletal databases. Such databases are often
compiled collaboratively by multiple observers, sometimes
across different laboratories or research teams, which in-
creases the potential for measurement variability. Assessing
observer error therefore becomes crucial to ensure that these
datasets can be reliably used for research.

Both intra-observer and inter-observer errors can affect
the accuracy of osteometric data. Studies have highlighted
that osteometric measurements are subject to variability
due to factors such as observer experience, ambiguity of
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measurement definitions and differences in instrument
handling or positioning (Adams and Byrd, 2002; Langley
et al., 2018). These sources of error are well recognized in
the field, but their assessment and quantification are never-
theless essential to guarantee the reliability of anthropo-
metric data and support the development of robust methods
for biological profile estimation (Langley et al., 2018).

Several previous studies, such as Langley et al. (2018),
have addressed the issue of observer error in osteometric
data collection, providing important methodological frame-
works. However, no such validation exists for the Olivier
Collection, a French skeletal reference collection of con-
siderable scientific value. Before making the collection’s
measurements available for broader research use, it is essen-
tial to assess and document the inter-observer reliability of
the data collected, following best practices in the field. Our
goal is therefore not to propose novel statistical techniques,
but rather to apply a rigorous error quantification protocol to
a new dataset, thereby contributing a validated and reusable
resource for future studies in forensic anthropology and
bioarcheology.

Although other collections have been extensively used
for methodological validation and standards development
(e.g., Spradley and Jantz, 2011; Langley et al., 2018; Con-
stantinou and Nikita, 2022; Knecht et al., 2023), the Olivier
Collection has only been applied in a few specific studies
(e.g., Guyomarc’h and Bruzek, 2010; Guyomarc’h and
Bruzek, 2011). It therefore remains underexploited as a
resource for comparative and reference studies. This study
therefore provides an essential contribution to its wider
use as a validated reference for future osteometric work.

Consequently, the objective of this study was to quantify
the inter-observer error in osteological measurements from
the Olivier collection. The project, informally designated
the “Barbus Project,” was launched following a round-table
discussion held during the SAP (Société d’ Anthropologie
de Paris) conference. By evaluating the reliability of meas-
urements made by different observers, we can gain a more
comprehensive understanding of potential sources of error
and propose recommendations to improve the standardi-
zation of measurement protocols. This in turn will help
to improve the reliability of metric methods employed in
bioarcheology and forensic anthropology.

Materials and methods

The Olivier Collection is a significant anthropological
reference collection held at the National Museum of Natural
History (MNHN, Paris). Established in the 1960s by Profes-
sor Georges Olivier, it comprises cranial and postcranial
skeletal elements from 103 identified individuals (63 males
and 40 females) who donated their bodies to the MNHN or
were left unburied. The biological profile, including sex, age
at death and stature, is known for almost all the individuals.
Figures 1 and 2 illustrate the distribution of age at death
and stature, respectively. The supplementary information
provided includes a file containing both the original data
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Distribution of age at death by sex
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Figure 1. Age at death distribution in the Olivier collection (years) /
Répartition par dge au déceés de la collection Olivier (années)
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Figure 2. Stature distribution in the Olivier collection (cm) /
Distribution de la stature dans la collection Olivier (cm)
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collected (SI1) and the cleaned data set (SI2). These supple-
mentary resources provide researchers with access to both
the original data and a refined dataset, thereby facilitating
further analysis and ensuring transparency in the research
process.

The dataset employed in this study was collated by the
authors of the paper. The dataset comprises 42 variables
derived from nine bones: the cranium, mandible, clavicle,

humerus, radius, ulna, femur, tibia and talus. As detailed in
table 1, the variables comprise lengths, breadths, circumfer-
ences and diameters. The linear measurements were taken
in accordance with the Martin system (M-_#) (Martin, 1928;
Bréuer G., 1988). Of the 42 variables, 32 are bilateral, resulting
in 74 measurements (32x2+10 unilateral). For the bilateral
variables, the left and right sides were pooled to increase the
number of observations per variable and enhance statistical
robustness. Since the objective was to assess measurement
reproducibility rather than directional asymmetry, the data
were treated by variable rather than by laterality.

Anatomical location | Bone Code Measurement Tool
Clavicle CLA Ml Maximum length Osteometric board
CLA M6 Circumference of the midshaft Tape measure
HUM M1 Maximum length Osteometric board
HUM_ M4 Distal epicondylar breadth Osteometric board
HUM_MS5 Maximum midshaft diameter Digital callipers
Humerus HUM_M6 Minimum midshaft diameter Digital callipers
HUM M7 Least shaft circumference Tape measure
Upper limb HUM_ M9%a The transverse diameter of the head Digital callipers
HUM_ M10a Longitudinal diameter of the head Digital callipers
RAD M1 Maximum length Osteometric board
Radius RAD M2 Physiological length Cephalometer
RAD M3 Circumference of the shaft under tuberosity Tape measure
ULN M1 Maximum length Osteometric board
Ulna ULN M2 Physiological length Cephalometer
ULN_M3 Minimum shaft circumference Tape measure
FEM_M1 Maximum length Osteometric board
FEM_ M2 Physiological length Osteometric board
FEM M21 Epicondylar breadth Osteometric board
FEM_ M6 Anteroposterior diameter of the midshaft Digital callipers
Femur FEM M7 Mediolateral diameter of the midshaft Digital callipers
FEM_ M8 Circumference of the midshaft Tape measure
FEM_ M9 Transverse subtrochanteric diameter Digital callipers
. FEM_M10 Subtrochanteric anterior-posterior diameter Digital callipers
Lower Limb . . .. .
FEM M18 Vertical diameter of the head Digital callipers
FEM_M19 The transverse diameter of the head Digital callipers
TIB M1 Lateral condyle-medial malleolus length Osteometric board
TIB_M2 Physiological length Large callipers
Tibia TIB_MS8a Anteroposterior diameter at the nutrient foramen Digital callipers
TIB_M9a Transverse diameter at the nutrient foramen Digital callipers
TIB_M10b Minimum shaft circumference Tape measure
Talus TAL Mla Maximum length Osteometric board
CRA_M1 Maximum cranial length Cephalometer
CRA_M8 Maximum cranial breadth Cephalometer
CRA M9 Least frontal breadth Cephalometer
. CRA_M10 Maximum frontal breadth Cephalometer
Cranium L.
CRA_MI12 Asterionic breadth Cephalometer
Skull CRA _M17 Basion-bregma height Cephalometer
CRA_M20pb Porion-bregma Cephalometer
CRA_M20pp Porion-porion Digital callipers
MAN_M68(1) Maximum projective length of the mandible Osteometric board
Mandible MAN_M65 Bicondylar breadth Osteometric board
MAN_M66 Bigonial breadth Digital callipers

Table 1. Measurements taken from the Olivier Collection, along with their definitions and the measurement tools used to collect them /
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Bones exhibiting evidence of trauma or abnormalities
were included in the final dataset. These bones were inten-
tionally retained in order to preserve the representativeness
of the Olivier Collection and to reflect the natural variability
encountered in skeletal assemblages. This decision prevents
bias that could result from systematically excluding altered
specimens, which form part of the biological and tapho-
nomic reality of human osteological samples. Additional
analyses excluding these individuals were also conducted
and did not substantially affect the results.

The measurements were taken by the authors themselves
using standardized equipment in order to ensure consistency.
To assess inter-observer variability, four observers measured
a randomly selected subsample of 40 individuals. All four
observers have extensive experience in osteometric data
collection, each with over 15 years of professional practice in
anthropology and familiarity with standardized osteometric
procedures. All are trained in the Martin (1928) measurement
system and routinely apply these measurements in both re-
search and field contexts, ensuring a high level of consistency
and methodological rigour across observations. While intra-
observer error was not formally quantified, the extensive
experience and standardized training of the observers en-
sured high internal consistency. The set of measurements
included in this study was selected because these variables
are among the most commonly used to estimate sex, stature
and population affinity (e.g., Spradley and Jantz, 2011;
Langley et al., 2018; Constantinou and Nikita, 2022; Knecht
et al., 2023). This selection was intended to ensure compa-
rability with existing studies and methodological frame-
works in biological and forensic anthropology. To further
minimize potential differences related to instrument handling,
and to avoid confirmation bias, all measurements were
conducted independently and at different times by the four
observers using the same set of standardized tools. The
supplementary information includes a file providing both
the raw inter-observer measurements (SI3) and their cleaned
versions (SI4), to ensure transparency and facilitate further
analysis by other researchers.

The statistical analyses were conducted using the R soft-
ware (version 4.2.2). Following visualization of the data, an
initial data preprocessing phase was undertaken with the
objective of cleaning the dataset. In line with the approach
outlined by Santos (2020), boxplots and the inter-quantile
range (IQR) were employed to identify and eliminate
extreme values that could be classified as outliers, for instance
as a result of data entry errors. Furthermore, some variables
exhibited inconsistencies in inversion between observers,
particularly in the case of diaphysis diameters (HUM_M5/
HUM_M6 and FEM_M9/FEM_M10), which were subse-
quently corrected manually.

The degree of agreement between the four observers was
first explored using a repeated-measures analysis of variance
(ANOVA). This test was used to identify systematic mean
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differences between observers, in other words to determine
whether any observer consistently produced higher or
lower values for a given variable. To increase the number
of observations in the analysis, left and right side measure-
ments were treated as separate instances of the same vari-
able (e.g., left femur length and right femur length were both
included as independent observations), allowing us to better
evaluate measurement reproducibility across sides without
averaging or excluding data. When the Mauchly test indi-
cated that the assumption of sphericity had not been met, a
Greenhouse-Geisser correction was applied. When a signif-
icant main effect was detected in the repeated-measures
ANOVA, post hoc pairwise comparisons were conducted
to determine which observers’ mean values differed signif-
icantly from each other. In other words, while the ANOVA
assesses whether any overall difference exists among observers’
means, post hoc analyses specify the particular pairs of ob-
servers whose mean measurements differ. These comparisons
were adjusted using the Bonferroni correction to control
for the inflation of Type I error due to multiple testing. The
results of these post hoc analyses therefore provide detailed
information on which pairs of observers exhibit statistically
significant mean differences.

In instances where significant ANOVA differences
were identified, absolute and relative technical errors of
measurement (TEM) were calculated in order to assess the
degree of error between the four observers. In accordance
with the methodology proposed by Langley et al., (2018),
the absolute technical error of measurement (TEM) is cal-
culated as follows:

K

s [ (]

NEK-1)

where N is the sample size, K is the number of observers,
M is the measurement, and M(n) is the n® repetition of the
measurement (Mony et al., 2016). The relative TEM
(trTEM) was calculated by dividing the absolute TEM by
the mean and multiplying the result by 100 (Langley et al.,
2018). The relative TEM serves as a metric of accuracy,
irrespective of the scale or sample size, thus facilitating
direct comparison of measurements across different scales.
In the field of osteometry, there is currently no consensus
regarding the threshold value that should be used to deter-
mine the validity of a TEM. However, some studies, such as
that conducted by Langley et al., have employed an arbitrary
threshold of rTEM <1.5% for intra-examiner error and
<2% for inter-examiner error (Langley et al., 2018). This
approach was based on the findings of previous anthropo-
metric studies on living individuals (Perini et al., 2005).
These thresholds will be used as a reference point for the
assessment of measurement validity in the study.
Inter-observer reliability was also assessed using the
intraclass correlation coefficient (ICC). The ICC is a statis-
tical measure that is commonly employed to quantify the
degree of agreement between multiple observers who are
measuring the same quantity (Koo and Li, 2016). The aim
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was to assess the extent of the variability between the observ-
ers in relation to the total variability of the measurements.
The Intraclass Correlation Coefficient (ICC) was calculated
for each of the 42 variables in the Olivier dataset in order
to assess the degree of agreement between the various
observers who performed the osteological measurements.
Unlike TEM or ANOVA, the ICC quantifies the proportion
of total variance attributable to inter-individual differences,
offering an additional dimension to assess the reproduci-
bility of each variable. The ICC values were subsequently
interpreted in accordance with the guidelines set forth by
Koo and Li (2016). A value of less than 0.50 indicates poor
agreement, a value between 0.50 and 0.75 indicates mod-
erate agreement, a value between 0.75 and 0.90 indicates
good agreement, and a value greater than 0.90 indicates
excellent agreement. A high ICC value indicates a high
degree of similarity between the measurements taken by
different observers for a given variable.

In response to recent discussions regarding the limita-
tions of conventional methods for assessing measurement
error (Collyer and Adams, 2024), we also implemented a
complementary analysis using the measurement.error()
function from the RRPP package in R. Using a hierarchical
linear model, this approach partitions the total variance into
components attributable to differences among individuals,
systematic differences between observers, group-related
effects (here sex), and residual random measurement error.
It can thus quantify the relative contribution of each source
of error. In this study, the function was applied separately
to each osteometric variable to assess the presence and
magnitude of systematic inter-observer differences. By com-
bining this method with classic ANOVA and TEM analy-
ses, we aimed to obtain a more comprehensive evaluation
of measurement reliability and to distinguish between sys-
tematic and random components of observer error.

550
500 *
W00 8w
oo L J L 3 )
350
300 -
[ I I 1
1 2 3 4
FEM_M2

In addition, a Student’s #-test was performed to compare
the means between the two sexes for each measurement
and each observer. This approach was intended to assess
whether each observer, independently, was able to detect
consistent sex-based differences for each measurement. By
comparing male and female means within each observer’s
dataset, we aimed to evaluate whether inter-observer vari-
ation affected the interpretation of biological differences,
rather than directly comparing the observers to one another.
Applying this test enabled us to determine whether the ob-
served difference between the means is statistically signif-
icant, based on a p-value threshold of 0.05, and whether
this result is consistent between observers. In addition to
statistical significance, it is important to consider the size
effect, which indicates the magnitude of differences between
groups (here, males and females) (Tanner-Smith et al., 2018).
Cohen’s d is a measure of effect size that is commonly
employed in Student’s #-tests. The value was calculated by
dividing the difference between the means by the standard
deviation common to both groups. The d values were inter-
preted in accordance with the guidelines set forth by Cohen.
A value of 0.2 represents a small effect, 0.5 a medium effect,
and 0.8 a large effect (Grof3 and Mdller, 2023). In instances
where the Student’s #-test did not yield statistically significant
differences between observers, the application of Cohen’s
d was not deemed necessary.

Results

The descriptive statistics (Table S5 in Supplementary
Information) show that for all measurements, the means and
standard deviations of the four observations were relatively
similar. Figure 3 shows that, visually, some variables are
highly reproducible, whereas for others, there are significant
differences between observers.

45
40 - . .
3 .
35 i
30 -
%
25 .
20 -
[ I I 1
1 2 3 4
TIB_MS8

Figure 3. Example raincloud plot comparing a highly reproducible variable (left: FEM_M2; physiological length of femur) with
a variable that shows differences between observers (right: TIB_M8a; Anteroposterior diameter at the nutrient foramen of the

tibia) (mm) /
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The results of the analysis of variance (ANOVA) are
presented in table 2. These results show that 31 of the
42 measurements exhibited statistically significant differ-
ences between observers. With regard to the aforemen-
tioned variables, seven are lengths (RAD M2, ULN M1,
ULN M2, FEM M1, TIB M1, TIB M2, TAL M1), one
is a breadth (HUM_M4), and nine are diameters (HUM_MS5,
HUM M6, HUM M9, HUM M10, FEM M6, FEM_M7).
The remaining measurements are circumferences (CLA_M®6,
HUM M7, RAD M3, FEM M8, TIB M10) and skull
measurements (CRA_M1, CRA_M8, CRA M10, CRA _
M12,CRA M17,RA M20pb, CRA M20pp, MAN M65,

MAN_M66). Upon grouping the measurements by type
(diameters, lengths, breadths, circumferences), it was found
that significant differences existed for all of these types of
measurements. Subsequent analyses indicated that the
majority of differences were observed between observers 3
and 4. In terms of frequency, observer 4 exhibited the
greatest discrepancy with the other observers, followed
by observer 3. Conversely, the ICC (table 2) between the
measurements of the four observers were all above 0.8,
indicating a strong correlation between observers, with
the exception of the variable CRA_M12, which exhibited
a moderate correlation coefficient (0.75).

Measurement ANOVA (p-value) Differences between post-hoc pairs observers ICC
CLA_M1 0.172 Not significant 0.98
CLA_M6 0.014* 1-3/1-4 0.94
HUM_M1 0.506 Not significant 0.97
HUM_M4 0.009* 2-3/3-4 0.98
HUM_M5 <0.001* 1-3/2-3/3-4 0.95
HUM_M6 <0.001* 1-2/1-4/2-3/3-4 0.96
HUM_M7 0.006%* 1-4/2-4/3-4 0.96
HUM_M9 <0.001* 1-4/2-4/3-4 0.98
HUM_M10 0.033* 1-4 0.89
RAD_M1 0.062 Not significant 0.99
RAD_M2 <0.001* 1-4/2-3/2-4/3-4 0.99
RAD_M3 0.05 Not significant 0.97
ULN_M1 <0.001* 1-3/2-3/3-4 0.97
ULN_M2 0.006* 1-2/1-4 0.99
ULN_M3 0.147 Not significant 0.94
FEM_M1 0.046* 3-4 0.99
FEM_M2 0.092 Not significant 1

FEM_M21 0.739 Not significant 1

FEM_M6 0.006* 2-3/3-4 0.98
FEM_M7 0.018* 1-4 0.96
FEM_MS8 <0.001* 1-4/2-3/2-4/3-4 0.99
FEM_M9 <0.001* 2-3/2-4 0.93
FEM_M10 <0.001* 1-2/1-4/2-3/3-4 0.83
FEM_M18 0.543 Not significant 0.97
FEM_M19 0.193 Not significant 0.97
TIB_M1 0.008* 2-4 1

TIB_M2 0.008* 1-4/3-4 1

TIB_MS8 <0.001* 1-4/2-4/3-4 0.83
TIB_M9 0.064 Not significant 0.93
TIB_M10 <0.001* 1-2/1-3/2-4/3-4 0.93
TAL_M1 0.003* 1-2/1-3 0.94
CRA_M1 0.001* 2-3/3-4 0.97
CRA_MS8 <0.001* 1-3/2-3/3-4 0.86
CRA_M9 0.067 Not significant 0.93
CRA_M10 <0.001* 1-2/1-3/1-4/2-3/3-4 0.94
CRA_M12 0.024* 3-4 0.75
CRA_M17 <0.001* 1-3/2-3/3-4 0.97
CRA_M20pb <0.001* 1-3/1-4 0.95
CRA_M20pp <0.001* 1-4/2-4/3-4 0.86
MAN_Me68 0.081 Not significant 0.87
MAN_M65 0.018* 2-4/3-4 0.93
MAN_M66 0.029* 2-4/3-4 0.82

Table 2. Comparison obtained between ANOVAs and ICC. * represents a significant difference between observers /
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Table 3 presents the technical error measurement (TEM)
for each measurement exhibiting significant differences
according to the ANOVA (p<0.05). The relative technical
error measurement (rTEM) values ranged from 0.4% to
3.7%. For these measurements, the majority demonstrated
acceptable technical errors in accordance with the conven-
tional criteria 'TEM <2%; Langley et al., 2018). Of the
ten measurements with unacceptable errors, six diameters
(HUM_MS, HUM M6, HUM M10, FEM M9, FEM
M10, TIB_MS), one circumference (CLA_M6), and three
skull measurements (CRA_M10, CRA M12, MAN M66)
exhibited higher inter-observer variability, probably reflect-
ing challenges to consistent identification of anatomical
landmarks.

The results of the measurement error analysis conducted
using the measurement.error() function from the RRPP
package are summarized in table 4. This method parti-
tioned the total variance of each variable into three main
components: (1) variance among individuals (Subjects),
(2) systematic measurement error (Systematic ME), (3) system-
atic measurement error associated with sex (Systematic ME:
Sex), and (4) residual variance (Random ME).

Significant systematic measurement effects (p<0.05)
were observed for 30 of the 42 variables, indicating that a
non-negligible portion of variability was attributable to con-
sistent differences between observers. The highest values of
Systematic ME were observed for cranial (CRA_MS, CRA
M10, CRA_M20pp) and diameter (FEM_M10, TIB_MS)
measurements, with explained variances ranging from 0.19
to 0.37. Systematic effects associated with sex (Systematic
ME: Sex) were significant for 11 variables, most notably for
HUM M7, RAD M2, TIB M8, TIB_MI10, and several
cranial traits (CRA_MS8, CRA M9, CRA M10, CRA _
M12, CRA_M20pp). These results suggest that, for certain
measurements, observer-related differences interacted with
sex-related variation in bone morphology. Random meas-
urement error (Random ME) accounted for the majority
of the total variance for most variables, typically ranging
from 0.75 to 0.97, indicating that residual variability not
explained by systematic observer effects remained the
dominant source of dispersion.

Overall, the results of the hierarchical linear model con-
firm the presence of both systematic and random measure-
ment components, with some variables showing stronger

Bone Measurement TEM relative TEM absolute
Clavicle CLA_M6 2.63% 0.95
HUM_M4 1.47% 0.87
HUM_MS5 2.13% 0.47
HUM_M6 2.28% 0.41
Humerus
HUM_M7 1.51% 0.93
HUM_M9 1.39% 0.59
HUM_M10 3.09% 1.42
Radius RAD_M2 0.53% 1.17
ULN_M1 0.62% 1.54
Ulna
ULN_M2 0.55% 1.20
FEM_M1 0.41% 1.2
FEM_M6 1.95% 0.55
FEM_M7 1.83% 0.50
Femur
FEM_MS8 1.02% 0.89
FEM_M9 2.62% 0.82
FEM_M10 3.33% 0.89
TIB_M1 0.41% 1.45
. TIB_M2 0.40% 1.36
Tibia
TIB_MS8 3.7% 1.20
TIB_M10 1.62% 1.14
Talus TAL_M1 1.96% 1.12
CRA_M1 0.83% 1.49
CRA_MS8 1.48% 2.14
CRA_M10 2.73% 2.72
Cranium CRA_M12 3.34% 3.34
CRA_M17 0.54% 0.71
CRA_M20pb 1.1% 1.10
CRA_M20pp 1.94% 2.32
) MAN_M65 0.86% 1.01
Mandible -
MAN_M66 2.5% 2.28

Table 3. TEM values for inter-observer error. Relative TEM (%) is unitless, and absolute TEM is in millimetres /
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Measurement Systematic ME Systematic ME: Sex Random ME
CLA_M1 0.03 0.02 0.95
CLA_M6 0.09%* 0.03 0.88
HUM_M1 0.01 0.02 0.97
HUM_M4 0.05* 0.01 0.94
HUM_M5 0.15%* 0.01 0.84
HUM_Mé6 0.10%* 0.01 0.89
HUM_M7 0.17* 0.08* 0.75
HUM_M9 0.15* 0.01 0.83
HUM_M10 0.05* 0.01 0.94
RAD_M1 0.05* 0.01 0.94
RAD_M2 0.15% 0.04* 0.81
RAD_M3 0.04* 0.04* 0.92
ULN_M1 0.09* 0.02 0.89
ULN_M2 0.06* 0.02 0.92
ULN_M3 0.02 0.05* 0.93
FEM_M1 0.04 0.01 0.95
FEM_M2 0.03 0.01 0.96
FEM_M21 0.01 0.01 0.98
FEM_Mé6 0.07* 0.01 0.92
FEM_M7 0.05%* 0.01 0.94
FEM_M8 0.15* 0.02 0.83
FEM_M9 0.09* 0.03 0.88
FEM_M10 0.19% 0.03 0.77
FEM_M18 0.01 0.02 0.97
FEM_M19 0.02 0.02 0.96
TIB_M1 0.06* 0.03 0.91
TIB_M2 0.06* 0.02 0.92
TIB_MS8 0.20%* 0.06* 0.74
TIB_M9* 0.04* 0.05* 0.91
TIB_M10 0.15* 0.08* 0.78
TAL_M1 0.07* 0.02 0.91
CRA_M1 0.15% 0.02 0.93
CRA_MS8 0.33* 0.04* 0.63
CRA_M9 0.08* 0.01* 0.92
CRA_M10 0.37* 0.05* 0.93
CRA_M12 0.10* 0.02* 0.87
CRA_M17 0.23* 0.04 0.73
CRA_M20pb 0.07* 0.01 0.92
CRA_M20pp 0.29* 0.05* 0.66
MAN_Mo68 0.05 0.06 0.89
MAN_M65 0.03 0.02 0.95
MAN_M66 0.12* 0.04 0.84

Table 4. Summary of results using the hierarchical linear model method. Values represent the proportion of total variance explained
by each component. * indicates significant effects (p<0.05). ME = Measurement Error /

observer-dependent effects, particularly in more complex or
morphologically variable traits such as cranial and femoral
measurements. These findings complement the ANOVA
and TEM results, showing that while reproducibility was
generally high, some morphological variables were more
susceptible to subtle observer effects.

For the majority of postcranial measurements, the p-values
derived from the Student’s #-test were less than 0.05 for
each observer, indicating that, despite inter-observer vari-
ability, all observers independently detected statistically
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significant differences between sexes for the majority of
variables, reflecting consistency in the biological signal
interpretation. A closer examination of the data reveals that
only a few p-values exceeded the 0.05 threshold, specifi-
cally for the CLA_ M1 left, TIB_M2 right, and TIB_MS left
postcranial measurements. These non-significant results
are present on a single side only, and the statistical tests
conducted on each observer’s dataset do not always yield
the same significance outcome, indicating variability in the
detection of sex-based differences for that side. With regard
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to the skull measurements, only a small number of p-values
exceeded the 0.05 threshold (CRA_M1, CRA M8, CRA
M9 right, CRA M10, CRA M12, CRA M17 right,
CRA_M20pp left), thereby indicating that the observed
differences are not statistically significant. For the measure-
ments CRA M1 left, CRA M9 right, CRA MI10 right,
CRA_M12 left, and CRA_M20pb right, there was consid-
erable variation between observers in the results obtained.
Some pairs of observers demonstrated significant differences
between their results, whereas other pairs did not. Notwith-
standing the differences in the Student’s #-test results, the
effect size coefficients provided by Cohen were found to
be very similar for all measurements, with the exception of
four skull measurements (CRA_ M1 left, CRA M0 right,
CRA_MI10 left, CRA_M12 left). This indicates that the
differences in measurements between observers have a
negligible impact on the conclusions of the comparison of
metric differences between male and female subjects.
Consequently, these measurement inconsistencies do not
result in interpretative differences regarding the compari-
sons made between sexes.

Discussion

This study aimed to assess the degree of inter-observer
agreement in linear osteometric measurements commonly
used for estimating sex, stature and population affinity, and
to evaluate the indirect impact of observer error on biological
parameter estimations, using sex as an illustrative example.
The variables analysed correspond to those routinely im-
plemented in widely used reference frameworks, such as
Fordisc (Jantz and Ousley, 2005) or SexEst¢ (Constantinou
and Nikita, 2022), thereby enhancing the broader applica-
bility and comparability of our results in both forensic and
anthropological contexts. By examining the reproducibility
of measurements performed by four experienced observers,
this research sought to identify which types of osteometric
traits are most susceptible to inter-observer variability and
to discuss the potential implications of such variability for
biological profile reconstruction. In doing so, the study
contributes to ongoing efforts to standardize osteometric
methodologies and strengthen measurement reliability across
institutions and practitioners.

A repeated-measures ANOVA was conducted to deter-
mine whether significant differences existed among the mean
values obtained by the four observers. To increase the sample
size, left and right elements were combined into a single
variable for this analysis. A total of 31 out of the 42 meas-
urements yielded p-values below 0.05, indicating signifi-
cant inter-observer differences. Conversely, non-significant
results should not be interpreted as an absence of signal;
rather, they may reflect lower statistical power or smaller
effect size. Subsequent analyses demonstrated that observ-
ers 3 and 4 were more prone to diverge in their assessments.
For several measurements, the four observers exhibited
significant differences in their results. These included the
minimum midshaft diameter of the humerus (HUM_M6),
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the physiological length of the radius (RAD_M?2), maxi-
mum length of the ulna (ULN_M1), circumference of the
femur midshaft (FEM_MB&), subtrochanteric anterior-pos-
terior diameter of the femur (FEM_M10), anteroposterior
diameter of the tibia at the nutrient foramen (TIB_MS),
minimum shaft circumference of the tibia (TIB_M10),
maximum cranial breadth (CRA_MS), maximum frontal
breadth (CRA_M10), basion-bregma height (CRA_M17)
and porion-porion distance (CRA_M20pp). Such between-
observer differences in measurements could be a reflection
of various compounding factors, such as locating biologically
variable and idiosyncratic anatomical landmarks, different
interpretations of measurement definitions and variability
in observer training.

Observers 1 and 2, who were trained at the same insti-
tution, showed higher agreement, whereas observers 3 and 4,
trained in different institutions, diverged more frequently.
This pattern supports the idea of a “school effect,” in
which variations in training protocols and pedagogical
approaches influence measurement practice. This obser-
vation highlights the need for greater standardization of
osteometric training across institutions to minimize inter-
observer variation and improve reproducibility in anthro-
pological datasets.

In order to ascertain the significance of these differ-
ences, it was deemed pertinent to calculate the technical
error of measurement (TEM), which enabled the quantifi-
cation of the accuracy and reliability of the collected data.
This step was essential to assess the magnitude of observer
error and to identify any sources of variation linked to the
measurement procedure. By quantifying this error, the
study assessed how inter-observer variability could influ-
ence the detection of sexual dimorphism in osteometric
analyses.

Despite the considerable differences observed in the
ANOVA, the majority of measurements exhibited a rela-
tively low technical error (less than 4%). To complete this
analysis, an ICC was conducted to verify the precision of
each observer across all measurements, with highly favoura-
ble results, as evidenced by a high correlation coefficient
of more than 0.8 for all variables, except for one cranial
measurement (asterionic breadth, CRA_M12), for which
agreement is moderate (ICC=0.75). When focusing on the
rTEM, ten measurements were found to exceed the recom-
mended acceptable value of 2% (as proposed by Langley
etal., 2018). These included six diameters: maximum mid-
shaft diameter of the humerus (HUM_M5), minimum
midshaft diameter of the humerus (HUM_MS6), longitudi-
nal diameter of the humeral head (HUM_M10), transverse
subtrochanteric diameter of the femur (FEM_M9), subtro-
chanteric anterior-posterior diameter of the femur (FEM _
M10) and anteroposterior diameter of the tibia at the nutrient
foramen (TIB_MS); one circumference, the midshaft cir-
cumference of the clavicle (CLA_M6); and three skull
measurements, maximum frontal breadth (CRA M10),
asterionic breadth (CRA_M12), and bigonial breadth of
the mandible (MAN_MG66).
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However, the selection of an appropriate rTEM thresh-
old is not universal and must be contextualized. Previous
studies have proposed a range of acceptable values depend-
ing on measurement type and method. For instance, Perini
et al. (2005) suggested a 2% threshold for conventional
anthropometry, whereas Norton and Olds (1996) reported
higher acceptable limits (up to 5-10%) in other anthropo-
metric contexts, where different sources of variability are
at play. In our study, rather than adopting a fixed universal
criterion, we interpret rTEM values in relation to the spe-
cific characteristics of osteometric data, variability in states
of preservation and differences in measurement instru-
ments. Given the variability in the morphology and state of
preservation of skeletal remains, we considered rTEM <4%
acceptable, as this corresponds to <1 mm absolute error for
most variables, and thus remains within the tolerance
typically reported for manual osteometry. Moreover, our
results compare favourably with those reported by Langley
et al. (2018), who observed similar or higher values even
for well-established measurements.

Importantly, complementary analyses using Student’s
t-tests and Cohen’s d demonstrated that these levels of
inter-observer variability did not alter the statistical out-
comes of sex-based comparisons. The same measurements
produced equivalent levels of significance and comparable
effect sizes across observers, indicating that minor differ-
ences did not meaningfully affect the detection of sexual
dimorphism in this dataset. This finding reinforces the view
that moderate levels of technical error, within reasonable
limits, will not necessarily compromise biological inter-
pretations derived from osteometric data.

Complementary analyses using a hierarchical linear
model approach confirm that measurement variability
comprises both systematic and random components, with
stronger observer-dependent effects for more complex or
morphologically variable traits such as cranial measure-
ments and diameters. These systematic effects most likely
reflect the combined influence of tool-specific constraints,
anatomical complexity and inter-observer differences in
landmark interpretation.

Maximum lengths and widths were measured using an
osteometric board, while circumferences were gauged with
a tape measure, diameters with digital callipers, and cranial
measurements taken with a cephalometer. The results
show that the most frequent errors involve the use of digital
callipers, which are accurate to one tenth of a millimetre.
The least accurate measurements, including longitudinal
diameter of the humeral head (HUM_M10), subtrochan-
teric anterior-posterior diameter of the femur (FEM_M10),
anteroposterior diameter of the tibia at the nutrient fora-
men (TIB_MS) and asterionic breadth (CRA MI12)
(rTEM>3%), were indeed predominantly long bone diam-
eters. Our findings align with Langley et al. (2018), who
support the idea that positionally dependent measurements
present greater challenges than maxima or minima, pri-
marily due to difficulties in maintaining consistent bone
orientation. Additional factors, such as minor preservation

OpenEdition
A\ 2 Journals

differences or irregular surface morphology, may further
contribute to these discrepancies.

While the use of digital callipers offers a high degree of
precision, it is essential to ensure the correct orientation of
the bone prior to measurement, as these instruments are de-
signed for the measurement of transverse or anteroposterior
diameters. It is likely that this need for exact orientation
contributes considerably to the observed inter-observer dif-
ferences, given that each observer may orient the bone in a
slightly different manner (Langley et al., 2018). To mitigate
these differences, the Data Collection Procedures 2.0 rec-
ommend substituting these measurements with maximum
and minimum midshaft diameters (Langley et al., 2016).
This approach may prove an effective means of reducing
the impact of bone orientation on measurement consistency.

It should be noted that differences may also arise from
other sources, beyond the specific tool or technique em-
ployed. For example, the discrepancy between measure-
ments of the midshaft circumference of the clavicle
(CLA_M6) may have been due to an error in reading the
measuring tape by observer 1. In the case of cranial meas-
urements with higher rTEM values, the difficulties are
likely to be attributable to the inherent difficulty of pre-
cisely locating certain landmarks. For example, the defini-
tion of the asterion is notably imprecise, which can result
in considerable inter-observer variability. Similarly, meas-
urements involving the gonion can vary depending on
whether observers use the full width or meticulously posi-
tion the calliper points at the ‘middle’ of the bone. These
anatomical ambiguities underscore the necessity for more
precise definitions and standardized protocols for cranial
measurements. Furthermore, the difficulty of reproducing
skull measurements may have been contingent on the defi-
nition employed. These observations emphasize the need for
precise and standardized definitions of anatomical land-
marks and measurement techniques, particularly for com-
plex structures such as the skull. While the existing
literature (e.g., Langley et al., 2018, the Data Collection
Procedures 2.0), has addressed many of these issues, it is
recommended that future work should build upon these
established protocols to further refine definitions and
measurement procedures for problematic variables.

It should be noted that our sample included individuals
with bone pathologies. Although these conditions can com-
plicate the identification of landmarks and the application
of measurement definitions, the study did not specifically
aim to evaluate their effect on measurement variability. A
supplementary comparison was conducted, excluding bones
with visible pathological alterations, and no notable differ-
ence in the results was observed. However, this should not
be interpreted as evidence that pathological conditions do
not influence measurement consistency, as the limited
number of pathological specimens may have reduced the
capacity to detect such effects. These observations underline
the need for future research explicitly designed to quantify
the impact of pathological variation on inter-observer reli-
ability in osteometric studies.
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In the light of these findings, it is obvious that analyses
of inter-observer reliability have a pivotal role in the field
of anthropometry. Such analyses facilitate the identification
of problematic measurements and potential sources of error,
thereby enabling the implementation of improvements in
measurement procedures and definitions. The slight differ-
ences observed between observers serve to emphasize the
importance of rigorous, standardized training for all observ-
ers. The interpretation of a definition can result in the
introduction of systematic errors and differences in the
acquisition of measurements.

While this study used sex differences as a reference
point for assessing the potential impact of inter-observer
measurement variability, we acknowledge that osteometric
data are employed in a wider range of analyses, including
stature estimation and the study of population affinity.
Future research should evaluate how measurement error
may influence these applications, particularly those relying
on multivariate or population-level comparisons.

Finally, emerging digital technologies offer promising
avenues for addressing some of these challenges. Three-di-
mensional surface scanning and CT-based modelling allow
for the replication and archiving of skeletal morphology in
virtual form, enabling repeated measurements without
physical manipulation. Nevertheless, these digital models are
not immune to observer error: they are still influenced by
manual processing, software choices and device-specific
parameters, all of which can introduce variability. Recent
developments, however, are gradually reducing such sources
of error. For example, Anderson et al. (2024) demonstrated
how a laser-based system can achieve osteometric meas-
urements comparable to those obtained with a traditional
osteometric board, while substantially reducing manual
handling errors. In addition, Simon et al. (2023) illustrated
how semi- and fully automated systems can standardize
measurement acquisition and minimize user-dependent
variability. While these advances do not eliminate human
influence entirely, they represent a critical step toward
more reproducible, objective and scalable osteometric data
collection. Consequently, the adoption of digital and auto-
mated approaches must still be accompanied by robust
calibration protocols and transparent reporting standards
to ensure comparability across studies.

Conclusion

The objective of this study was to evaluate the inter-
observer reliability of anthropometric measurements on
a sample of 40 individuals from the Olivier collection.
Although some statistically significant differences were
observed between observers, the majority of deviations
were minor and within the acceptable thresholds estab-
lished in the literature. Our findings highlight the necessity
for methodological rigour and standardized procedures
in anthropometry, emphasizing the importance of proper
observer training, bone orientation, appropriate tool usage
and reliability analysis. The demonstrated reproducibility
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serves to validate the metric dataset collected from the
Olivier collection, which in turn serves to illustrate the
additional value of this data collection and its analysis in
providing a reliable metric dataset for future studies. This
study makes a contribution to the field by offering a validated
anthropometric dataset that can be shared and used with
confidence in future research. The original data collected and
the cleaned data are both provided in the supplementary
information, thus ensuring transparency and facilitating
further analysis by other researchers. This comprehensive
approach to data sharing enhances the reproducibility and
utility of our findings for the broader anthropometric research
community.
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