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ARTICLE INFO ABSTRACT
Keywords: Until the early 5th century BC, Phaleron Bay was the main port of ancient Athens (Greece). On its shore, ar-
Physical activity chaeologists have discovered one of the largest known cemeteries in ancient Greece, including a range of burial

Hand muscle attachments forms, simple pits, cremations, larnaces (clay tubs), and series of burials of male individuals who appear to have

: X L . died violent deaths, referred to here as “atypical burials”. Reconstructing the osteobiographies of these in-
Three-dimensional multivariate analysis .. . . . " " . . .
Archaic Greece dividuals will help create a deeper understanding of the socio-political conditions preceding the rise of Classical
V.ERA. method Athens. Here, we assess the habitual manual behavior of the people of Archaic Phaleron (ca. 7th — 6th cent. BC),

relying on a new and precise three-dimensional method for reconstructing physical activity based on hand
muscle attachment sites. This approach has been recently validated on laboratory animal samples as well as on
recent human skeletons with a detailed level of long-term occupational documentation (i.e., the mid-19th cen-
tury Basel Spitalfriedhof sample). Our Phaleron sample consists of 48 adequately preserved hand skeletons, of
which 14 correspond to atypical burials. Our results identified consistent differences in habitual manual be-
haviors between atypical burials and the rest. The former present a distinctive power-grasping tendency in most
skeletons, which was significantly less represented in the latter (p-values of <0.01 and 0.03). Based on a com-
parison with the uniquely documented Basel sample (45 individuals), this entheseal pattern of the atypical
burials was exclusively found in long-term heavy manual laborers. These findings reveal an important activity
difference between burials typical for the Phaleron cemetery and atypical burials, suggesting that the latter were
likely involved in distinctive, strenuous manual activities. The results of this pilot study comprise an important
first step towards reconstructing the identity of these human skeletal remains. Future research can further
elucidate the occupational profiles of these individuals through the discovery of additional well-preserved hand
skeletons and by extending our analyses to other anatomical regions.
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1. Introduction

Phaleron (Palaio Faliro) lies on a bay of the Saronic Gulf, situated
about four km southwest of the Acropolis of the city of Athens, Greece.
During most of the Archaic period (700-480 BCE), it served as the main
port of the city-state of Athens (Osborne, 2009), until it was displaced to
Piraeus in the early 5th century BC (Camp, 2001; Edwards et al., 1970).
Recent excavations in the port area, during the construction of the
Stavros Niarchos Foundation Cultural Center, produced over 1000
burials, excavated between 2012 and 2017 (Ingvarsson-Sundstrom and
Backstrom, 2019; Prevedorou and Buikstra, 2019; Chryssoulaki, 2020).
The remains excavated during 2012-2013 anchor this study. The pres-
ence of individuals in unusual burial postures, some apparently
restrained by shackles or cord bindings, intermixed with typical burials
along with a lack of grave embellishments and funerary monuments, has
led to emphasis upon the non-elite status of those interred in the Pha-
leron cemetery (Ingvarsson-Sundstrom and Backstrom, 2019; Chrys-
soulaki, 2020). The lack of grave accoutrements contrasts with the
elaborations present at cemeteries, such as the Kerameikos in Athens
(Lagia, 2000).

To date, more than 1700 skeletons have been excavated in Phaleron,
arranged either in mass or individual burials (Ingvarsson-Sundstrom and
Backstrom, 2019; Prevedorou and Buikstra, 2019). The majority of these
involves simple pit graves, followed by pot burials, cremations with
funeral pyres, stone-lined cist graves, larnakes as well as a few less usual
cases (e.g., a few tile graves or a wooden boat used as a coffin)
(Ingvarsson-Sundstrom and Backstrom, 2019). Conspicuous among this
variety of burial features are a variety of “atypical” burials, so-called
because they present evidence for captivity and execution (e.g.,
shackled or otherwise restrained individuals) and unusual burial treat-
ments (e.g., prone or with feet & hands bound together)
(Ingvarsson-Sundstrom and Backstrom, 2019). These “atypical” burials,
recovered from pits, are those termed “biaiothanatoi” by
Ingvarsson-Sundstrom and Backstrom (2019) and by Chryssoulaki
(2020), who attribute them to a violent death. Similar burials, including
apparent examples of crucified individuals, had been excavated at
Phaleron early in the 20th century (Keramopoulos, 1923; Pelekidis,
1916).

The “Phaleron Bioarchaeological Project” (PBP) of the Malcolm H.
Wiener Laboratory of the American School of Classical Studies at Athens
(ASCSA) holds the permit for conservation and study of the remains
excavated during 2012 and 2013. The PBP is constructing an osteo-
biography for each individual interred at the site, then making com-
parisons across the site, grouping burial contexts by location and by
type. In this example, we will compare “typical” burials to those buried
atypically individually or in smaller groups. We focus here upon the
occupational manual activities of these individuals and groups.

In the absence of textual information, we must rely on skeletal in-
formation to reconstruct activities related to occupational specializa-
tion. There are several anthropological methods proposed for
reconstructing habitual physical activity based on human skeletal re-
mains (Larsen, 1999; Pearson and Lieberman, 2004). One of the most
frequent avenues focuses on bony changes occurring in the areas where
muscles attach (i.e., “entheses”) (Foster et al., 2014; Henderson et al.,
2017; Schrader, 2019). Several approaches to analyzing entheses have
been proposed, the majority of which relies on detailed protocols for
visual evaluation of entheseal robusticity and/or potential entheso-
pathies (Henderson et al., 2017; Mariotti et al., 2004, 2007; Villotte,
2006; Villotte et al., 2010; Villotte and Kniisel, 2013), often providing
crucial insights into past human lifeways (e.g., Havelkova et al., 2011;
Villotte et al., 2010; Villotte and Kniisel, 2014). Other analytical ap-
proaches have focused on the three-dimensional (3D) form of entheses,
relying on quantitative analyses of their 3D size and/or shape (e.g.,
Karakostis et al., 2018a; 2017; Karakostis and Lorenzo, 2016; Noldner
and Edgar, 2013; Nolte and Wilczak, 2013; Williams-Hatala et al.,
2016). However, the overall reliability of most previous approaches
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using entheses to reconstruct activity in the past have often been ques-
tioned (e.g., Foster et al., 2014). In particular, previous studies have
highlighted the low intra- and inter-observer repeatability of most visual
scoring systems that focus explicitly on entheseal robusticity (Davis
etal., 2013; Jorgensen et al., 2020; Wilczak et al., 2016), a reported lack
of association between entheses and cross-sectional morphology (which
is widely used for reconstructions of activity) (e.g., Michopoulou et al.,
2017; Nikita et al., 2019), an absence of association between the size of a
muscle and entheseal raw dimensions (Williams-Hatala et al., 2016; but
see also the results of Bucchi et al., 2019; Deymier-Black et al., 2015;
Karakostis et al., 2019a), as well as a broader lack of experimental
validation (Wallace et al., 2017; Zumwalt, 2006).

To address these concerns, some of us have recently put forth a new
and repeatable approach for reconstructing activity using muscle
attachment sites (Karakostis and Harvati, 2021; Karakostis and Lorenzo,
2016), which is the first to be validated based on two laboratory animal
samples (Karakostis et al., 2019a, 2019b) as well as on human skeletons
with a unique level of life-long and detailed occupational documenta-
tion (Karakostis et al., 2017). In contrast to previous methods, this
approach relies on a precise protocol for 3D quantification of entheseal
surface areas, followed by the identification of correlations among
different entheses that reflect standard muscle synergy groups (e.g., for
power- or precision-grasping hand movements) (Karakostis et al., 2017,
2019a; Karakostis and Lorenzo, 2016). To date, except for our experi-
mental studies on laboratory animal species, our research has mainly
focused on muscle attachment sites of the human hand, mainly due to its
fundamental role in most daily human activities (for biomechanical
arguments, see Karakostis et al., 2019c¢). Recently, the application of this
novel approach on paleoanthropological and bioarchaeological contexts
has provided important insights into the habitual manual behavior of
Neanderthals as well as modern humans from various geo-chronological
contexts, establishing original and meaningful connections between
biological and cultural lines of evidence (e.g., Karakostis et al., 2020;
Karakostis et al., 2018; Karakostis and Lorenzo, 2016). In a recently
published review (Karakostis and Harvati, 2021), this new approach has
been named the “Tiibingen University Validated Entheses-based
Reconstruction of Activity” (V.E.R.A.) method.

The aim of this study is to reconstruct patterns of manual physical
activity of the people of Phaleron, comparing those from “typical”
burials to the atypical ones. For this purpose, we apply the above
described experimentally validated methodology (i.e., the V.E.R.A.
protocols) on two groups of well-preserved hand skeletons, (1) the
“typical burials” from across the cemetery, and (2) the “atypical
burials”, which have been defined as “biaiothanatoi”
(Ingvarsson-Sundstrom and Backstrom, 2019; Chryssoulaki, 2020).
Furthermore, we compare the hand entheseal patterns of these skeletons
with those of a reference sample with uniquely detailed and lifelong
occupational documentation (i.e., the mid-19th century Basel Spital-
friedhof sample; see Hotz and Steinke, 2012; Karakostis et al., 2017).
Our resulting observations provide new insights into the manual activity
patterns of these individuals, setting the base for further
inter-disciplinary research.

2. Materials and Methods
2.1. Sampling strategy

In this pilot study, our sample of atypical burials consists of 14
adequately preserved hand skeletons, including bone elements from
both anatomical sides. Their basic anthropological analysis indicated
that they were all probable or possible males, which will be considered
“male” for the remainder of this report. This assessment relies on the
standards described in Buikstra and Ubelaker (1994). Particularly, bio-
logical sex was estimated based on morphological traits of the pelvis and
the skull. Regarding the pelvis, we relied on the criteria proposed by
Phenice (1969) and revised by Klales et al. (2012), involving the visual
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evaluation of the ventral arc, subpubic concavity, and ischio-pubic
ramus. We additionally recorded the greater sciatic notch of the ilium,
following Walker (2005; after Buikstra and Ubelaker, 1994). Even
though estimations relying on the greater sciatic notch are less reliable
than the ones based on the pubic bones, the greater sciatic notch was
more frequently preserved in the Phaleron individuals. Sex determina-
tion based on the skull relied on the widely used criteria proposed by
Walker (2008; after Buikstra and Ubelaker, 1994). Overall, when the
pubic bone was available, its dimorphic markers were privileged due to
their verified accuracy (Klales et al., 2012).

Biological age was assessed based on morphological changes in the
os coxa (i.e., the pubic symphysis and the auricular surface), epiphyseal
union (occurring in early adulthood), and the degree of cranial suture
closure. Degenerative changes at the surface of the pubic symphysis
were evaluated based on the Hartnett-Fulginiti revision (Hartnett, 2010)
of the Suchey-Brooks method (Brooks and Suchey, 1990), whose
improved accuracy and precision have been demonstrated (Merritt,
2015). In this study, we estimated age based on multiple skeletal in-
dicators, relying on a transition analysis that involved the pubic sym-
physis, auricular surface, and cranial sutures. This procedure led to the
calculation of a maximum likelihood estimate and a 95% confidence
interval of age for each individual (Milner and Boldsen, 2016). It should
be noted that, in cases of inconsistent estimates among indicators, or
when a single indicator provided a more precise age estimate, the pubic
symphysis was favored due to its demonstrated reliability (Merritt,
2015). For estimating the final age of young adults, epiphyseal union
was privileged, whereas cranial suture closure was only used when the
other indicators were not preserved. In the present study, the hand
bones of all individuals presented fused epiphyses. Due to preservation
issues, a relatively narrow age-range could be estimated only for six of
the atypical burials, including four young (less than ca 35 years old) and
two relatively old (over ca 55 years of age) individuals. For the rest, an
estimated age range could either not be provided at all or it was too
broad to be useful (see Materials and Methods). It should be highlighted
that future research would greatly benefit from the potential analysis of
additionally discovered well-preserved hand skeletons from the Pha-
leron cemetery (for example, those excavated in later years; see
Ingvarsson-Sundstrom and Backstrom, 2019; Chryssoulaki, 2020; Pre-
vedorou and Buikstra, 2019).

Our general, typical burial sample involves 34 individual skeletons,
which were discovered in 29 pit graves, four cist (or cist-like) graves,
and a jar burial. This sample was composed of 11 probable or possible
females, 21 probable or possible males, and two cases of undetermined
sex. We will simply report these as “males’ and “females” and “inde-
terminate” for the remainder of this research paper. A relatively narrow
age-range could be determined for 15 young (below ca 35 years old), six
relatively older (above ca 35 years old), and two late subadult (or
possibly young adult) individuals.

Our comparative analysis also includes a sample of 45 extensively
documented individuals from the historical Basel-Spitalfriedhof collec-
tion (Natural History Museum in Basel, Switzerland), who lived in the
broader region of the city of Basel during the mid-19th century (Hotz
and Steinke, 2012; Karakostis et al., 2017). These were all adult males of
low to middle socioeconomic status, between 18 and 48 years of age,
whose hands presented no pathological conditions. Based on their
genealogical records, none of these individuals were directly related to
one another (Hotz and Steinke, 2012; Karakostis et al., 2017). Our past
research has often relied on this modern comparative sample due to its
unique level of occupational documentation for each person. In partic-
ular, the archives describe each individual’s occupation, duration of
each job, exact position at work, and hiring institution or company.
Moreover, there is information on the individuals’ genealogical re-
lations, official medical records, as well as socioeconomic characteristics
(Hotz and Steinke, 2012 Karakostis et al., 2017). Based on this longi-
tudinal documentation, 23 of the sampled individuals were involved in
heavy manual labor (i.e., mainly long-term construction workers of
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different outdoor specialties), whereas the other 22 spent their lives
performing finer and/or semi-mechanized tasks (e.g., full-time tailors
and painters) (Karakostis et al., 2017). A previous application of our 3D
multivariate methodology on this reference sample identified clear dif-
ferences between lifelong heavy manual laborers (showing a distinctive
power-grasping entheseal pattern) and long-term precision workers of
lower intensity (exhibiting a consistent precision-grasping entheseal
pattern involving a coordination between the thumb and index finger
muscles) (Karakostis et al., 2017). In more recent research, the thorough
documentation provided by this comparative sample helped our
approach to interpret the grasping differences observed in unidentified
bioarchaeological samples, including relatively recent case-studies (e.g.,
Hotz, 2017), a late medieval population from Burgos (Karakostis and
Lorenzo, 2016), as well as prehistoric hunter-gatherers from diverse
geo-chronological contexts (Karakostis et al., 2018b, 2020).

Following the results of our previous studies (Karakostis et al., 2017,
2018b, 2020; Karakostis and Lorenzo, 2016), we initially focused on
nine hand muscle attachment sites. However, given the underrepre-
sentation of certain bone elements in the Phaleron sample, our study
relied on a total of five entheses, corresponding to six thumb muscles
with central importance in human hand biomechanics (Clarkson, 2000;
Karakostis et al., 2017; Karakostis and Lorenzo, 2016; Marzke et al.,
1998). These involve the common attachment area of muscles abductor
pollicis brevis and flexor pollicis brevis (ABP/FPB) as well as the insertion
sites of muscles opponens pollicis (OP), adductor pollicis brevis (ADP),
extensor pollicis brevis (EPB), and flexor pollicis longus (FPL). The general
characteristics of these muscles and entheses (including the bones on
which they are located) are summarized in Table 1. It is worth noting
that these entheseal surfaces did not seem to present distinguishable
pathological alterations in the individuals of our sample.

2.2. Precise 3D measurement of muscle attachment sites

The 3D surface of all hand bones was reconstructed using a handheld
Artec Space Spider scanner (Artec Inc., Luxembourg). This equipment
relies on structured-light technology, providing scans with a measuring
accuracy of 50 pm. The developed 3D models were exported in PLY
format and imported into the software Meshlab (Meshlab Inc., Rome) for
further surface processing and analysis.

For delineating the exact borders of entheses on the bone surface, we
employed the detailed protocols of the V.E.R.A. approach, whose intra-
and inter-observer repeatability has been verified in previous research
on the same hand muscle attachment sites (maximum mean error was
0.62%; see Karakostis and Lorenzo, 2016). In more recent work, the
exact steps of this protocol were described in greater detail, including
illustrations of all steps in Karakostis and Harvati (2021) (for

Table 1
The anatomical location of the five muscle attachment sites used, their abbre-
viation, and the function of their six associated muscles.

Muscles Abbreviation ~ Main action Analyzed
attachment site

Abductor ABP Abducts the thumb Radial base of the first
pollicis proximal phalanx

Flexor FPB Flexes the first (same entheseal area
pollicis metacarpophalangeal for both muscles)
brevis joint

Adductor ADP Adducts the thumb Ulnar base of the first
pollicis proximal phalanx

Extensor EPB Extends the thumb Dorsal base of the first
pollicis proximal phalanx
brevis

Opponens oP

Abducts, rotates, and

Radial diaphysis of the

pollicis flexes the thumb first metacarpal

Flexor FPL Flexes the first distal Palmar diaphysis of
pollicis phalanx the first distal phalanx
longus
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experimental animal studies, also see Karakostis et al., 2019). In brief,
entheseal borders are virtually defined on the bone meshes based on the
criteria of surface elevation, irregularity, and coloration. The most
defining criterion is surface elevation (i.e., the presence of projecting or
depressing bone area). This process is greatly facilitated by various 3D
imaging filters, which are available in the open-access software Mesh-
lab. Initially, the broader entheseal area is identified on the bone using
standard surface curvature algorithms (such as the filter “Discrete cur-
vatures”). Then, the observer selects a region of the bone that encom-
passes both the distinctive attachment site as well as a thin zone of
relatively flatter surface around the attachment site. Subsequently,
applying additional filters exclusively on that bone region (i.e., “Cur-
vature principal directions”, “Distance from borders”, or “Calculation of
geodesic distances™) helps identifying the exact borders of entheses on
the bone surface and allows for a direct quantification of their 3D surface
areas (in mmz).

2.3. Statistical analyses

Following the V.E.R.A. protocols, the calculated 3D surface areas of
all five entheses (in mm?) were used as variables in a series of principal
component analyses (PCAs). These relied on a correlation matrix
because the variables presented varying scales (Table 2). For all PCAs,
the variables of our dataset met the assumptions for a PCA (Field, 2013),
including minimum sample size requirements (i.e., a minimum of five
cases per variable), approximately normal distribution (based on normal
probability plots), sphericity (based on Bartlett’s tests), linearity among
variables (based on bivariate plots), and no outliers (according to the
z-scores technique). The number of the principal components (PCs)
plotted for each PCA was decided based on the standard scree-plot
approach (Cattell, 1966; Field, 2013). All statistical analyses of this
study were carried out in the software IBM SPSS (IBM inc., Armonk, NY;
version 24 for Windows). No PCA conducted in this study assumed prior
group assumptions for the individuals (i.e., in the plots, cases were
simply colored by group after the analysis).

A separate analysis was conducted for each anatomical side. The
resulting multivariate patterns were generally symmetrical (see Table 3
and figures in Results). It should be noted, however, that the PCA based
on five entheses (see below) could not be performed for the left
anatomical side since only one atypical burial presented all five left
muscle attachment sites. To maximize sample representation, we addi-
tionally performed a mixed sides analysis that combined an individual’s

Table 2
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left and right entheses. The best-preserved side (left or right) was
defined based on the number of healthy entheses present. When an
enthesis was missing from that side, this was taken from the less-
preserved side, allowing the specimen to participate in the PCA. In the
few cases of perfectly equal preservation between the two sides, the
right side was preferred since the right entheses were overall much
better preserved both in the Phaleron as well as the Basel samples.
Considering that the observed patterns among groups were highly
consistent between the combined sides PCA analyses (Figs. 1-4; Table 3)
and those relying on each side separately (Figs. 2, 3 and 5 to 7; also see
PCA statistics in Table 3), our subsequent statistical comparisons
focused on the combined PCAs.

Furthermore, following previous applications of our approach (Kar-
akostis et al., 2018b), two different PCAs were run for each side sepa-
rately as well as the combined dataset. The first PCA attempted to
further maximize the sample size of our analysis by relying on three
entheses that correspond to four thumb muscles that play a central role
in hand biomechanics. These entheses correspond to four muscles
inserting into the 1st proximal phalanx (Table 1): ABP/FPB, ADP, and
EPB. Our previous research on these three muscle attachment sites
showed that they could provide a considerable separation between
lifelong occupational tendencies (Karakostis et al., 2017, 2018b). The
second PCA attempted to maximize the number of entheseal variables,
relying on all five muscle attachment sites, thus also considering the
important contribution of muscles OP and FPL (Table 1). Both PCAs
identified a principal axis of variation explaining differences between
power- and precision-grasping entheseal patterns (e.g., see Karakostis
et al., 2017, 2018).

We further evaluated the observed differences between atypical and
typical burials using the two-sample Kolmogorov-Smirnov Z test (Corder
and Foreman, 2014), a non-parametric analysis that has been recom-
mended for comparing groups with small sample sizes (Field, 2013). We
focused on the scores of selective PCs that exhibited distinctive variation
between the two burial groups (see Results and figures). Furthermore,
for the scores of PC2 (from the second PCA) that presented
inter-population variation, we also tested for significant differences
between all Phaleron and all Basel individuals. In order to control for the
probability of increased Type 1 error (due to the three comparisons
performed), we confirmed that p-values were still significant after
adjusting them based on the Holm-Bonferroni sequential technique
(Holm, 1979). Additionally, the same comparisons were applied for the
raw 3D surface size (in mm?) of each of the five entheses analyzed in this

Descriptive statistics for each variable (i.e., 3D surface area measurements for each enthesis, in mm?) per Phaleron burial group
and anatomical side, including sample size (N), mean, and standard deviation (SD). Muscle abbreviations are provided in Table 1.
Each variable’s sample size (N) does not correspond to the number of individuals used in the PCAs (Figs. 1-7; Table 3), which require the use
of individual hand skeletons with all necessary entheses preserved (i.e., all first three entheses for the first PCA and all five entheses for the

second PCA).

Anatomical side Muscle attachment site Atypical burials Typical burials
N Mean + SD N Mean + SD
Combined sides ABP/FPB 14 76.88 + 26.72 35 62.98 + 16.83
ADP 14 58.33 + 18.48 35 50.05 + 14.31
EPB 14 66.74 + 22.16 34 43.28 +17.06
OoP 11 90.09 + 24.76 33 78.61 + 19.24
FPL 11 38.29 +8.78 22 30.06 + 10.97
Right ABP/FPB 11 81.06 + 23.40 27 60.86 + 16.28
ADP 11 60.18 + 18.65 26 49.47 £13.85
EPB 10 68.87 + 26.17 24 42.49 +£15.33
oP 12 83.15 + 28.04 27 77.61 +19.93
FPL 8 38.87 £ 7.63 20 31.24 +£11.39
Left ABP/FPB 9 73.69 + 21.87 31 59.52 + 15.49
ADP 9 61.54 +£17.12 32 50.39 +13.21
EPB 8 65.94 + 14.16 28 41.18 +18.21
oP 6 71.69 + 23.36 30 70.71 £ 19.54
FPL 8 34.18 £ 8.15 14 27.61 + 8.83
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Table 3
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Statistics of the principal component analyses performed, either on three (first PCA) or five muscle attachment sites (second PCA). Muscle abbreviations are

provided in Table 1.

Analyses Eigenvalue Variance explained (%) Factor loadings
Combined sides First PCA ABP/FPB ADP EPB OoP FPL
PC1 2.03 67.66 0.90 0.85 0.71
PC2 0.68 22.61 -0.19 -0.39 0.70
Total 90.28
Combined sides Second PCA
PC1 2.71 54.18 0.92 0.82 0.63 0.45 0.77
PC2 0.99 19.83 0.13 -0.11 -0.16 0.87 -0.42
PC3 0.70 14.02 -0.14 -0.29 0.75 0.04 -0.17
Total 88.03
Right side
First PCA
PC1 1.94 64.66 0.86 0.81 0.74
PC2 0.65 21.69 -0.14 -0.45 0.65
Total 86.35
Right side
Second PCA
PC1 2.61 52.17 0.87 0.75 0.65 0.47 0.81
PC2 0.97 19.42 0.19 -0.25 -0.17 0.86 -0.33
PC3 0.71 14.24 -0.14 -0.41 0.72 0.03 -0.07
Total 85.82
Left side
First PCA
PC1 1.98 65.92 0.86 0.86 0.71
PC2 0.67 22.29 -0.29 -0.29 0.71
Total 88.21
study. distinctively higher positive scores (i.e., proportionally larger EPB),

Finally, to account for the potential effects of biological age and body
size on the observed multivariate patterns (PC scores), we assessed the
strength of their association with biological age and estimated stature
using the Spearman’s correlation coefficient (rg). Given that an exact
age-group (i.e., young, middle aged, or old) and approximate stature
could not be reliably indicated for most of our sample’s 14 atypical
burials, these statistical tests were applied only on the values of our
documented reference sample from Basel (see in Karakostis et al., 2017).
Nevertheless, we also provide general remarks regarding the potential
effects of age on the PCA results for the Phaleron samples (see Results),
focusing on the individuals for which an approximate estimation of
age-group was available.

3. Results

The basic characteristics of this study’s variables are provided for
each anatomical side in Table 2. All PCA statistics (eigenvalues, per-
centages of variance, and factor loadings) are presented in Table 3. As it
can be observed in Table 3 and the figures (Figs. 1-7), all the statistics
and multivariate patterns described below were consistently similar
between the combined-sides PCAs and the PCAs on each side separately
(also see Discussion).

For the combined-sides first PCA, which was based on three enthe-
seal variables, the scree-plot approach recommended focusing on PC1
and PC2, representing a total of 90.2% of total variance in the sample
(Fig. 1). Based on the factor loadings (Table 3), PC1 (67.4% of the
sample’s variance) represented overall size differences across specimens
(i.e., all factor loadings were positive), indicating that individuals with
higher PC1 scores presented overall larger entheses. In contrast, varia-
tion on PC2 (22.8%) reflects the proportion between two entheses of
three thumb thenar muscles (ABP_FPB and ADP) and the insertion site of
EPB, a thumb’s main extensor muscle (Table 1). Both Phaleron groups
extensively overlap on PC1, despite a clear tendency of smaller entheseal
size in the typical burial group (i.e., most cases show low PC scores). On
PC2, our documented sample’s lifelong heavy manual workers present

whereas long-term precision workers show lower scores (i.e., propor-
tionally larger thenar muscles associated with flexion, abduction, and
adduction at the trapezio-metacarpal joint). This broadly reflects the
results of our previous research for the documented Basel sample (Kar-
akostis et al., 2017, 2018b, 2020). On this axis, 11 of the 14 atypical
burials present distinctively higher scores, exclusively overlapping with
lifelong heavy manual laborers, while three of them show low scores and
coincide with long-term precision workers. Regarding the typical burial
sample, even though its majority overlaps with heavy manual laborers,
their PC2 values are consistently lower than those of the atypical burials.
Moreover, several of their scores (12/34) coincide with those of
long-term precision workers. It is worth noting that the males and fe-
males of this group exhibit similar PC2 values, but none of the 11 fe-
males show very high positive PC2 values (Fig. 1). Consequently, there is
a distinct area in the uppermost part of the PC2 axis that includes only
males, including several long-term heavy construction workers, most of
the atypical burial sample (10 of 14), and three individuals from the
typical burial sample.

For the combined second PCA (based on five entheses and fewer
Phaleron individuals), the scree-plot recommended focusing on the first
3 PCs (representing a total of 88.0% of sample variance). As in the
combined first PCA (Fig. 1), PC1 (54.2%) represents overall 3D size
variation in the sample (Table 3; Figs. 2 and 3), while the factor loadings
of PC3 (14.0%) are very similar to those of PC2 of the combined first
PCA (the one based on three entheses). Consequently, the observed PC3
patterns are clearly equivalent, with 7 out of 9 atypical burials over-
lapping with heavy manual laborers and two males from the general
burial sample (Fig. 4). Nevertheless, PC2 (19.8%) reveals a different
pattern of variation in the sample. On this axis, the two Phaleron sam-
ples broadly overlap in the positive side of the component, while most
Basel individuals present negative PC2 scores (see horizontal PC2 axis of
Fig. 4). Based on this PC2’s factor loadings (Table 3), Phaleron in-
dividuals consistently present a proportionally larger insertion site for
OP, a muscle of central importance for thumb opposition (Table 1). On
this component, there is no clear distinction between long-term heavy
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Fig. 1. Plot of the principal component analysis (PC1 and PC2) based on the 3D area measurements of three muscle attachment sites and all individuals
preserving these entheses. This PCA was conducted on a dataset combining entheses from both anatomical sides, after confirming that results were consistent
across PCAs (see Materials and Methods). No groups were assumed a priori. For the purpose of visual clarity, the documented samples from Basel are only represented
in the plot by their convex hulls (for an extensive description of manual entheseal patterns in the same exact individuals, see Karakostis (2017, 2018b, 2020). The
upper side illustration summarizes the main pattern presented by individuals with higher PC2 values (i.e., a proportionally larger enthesis for extensor pollicis brevis;
see Table 3), while the lower side image is associated with cases with lower PC2 scores (i.e., proportionally larger attachment sites for muscles abductor pollicis brevis,
flexor pollicis brevis, and adductor pollicis; see Table 3). The two side figures were modified after Karakostis et al. (2018b).

manual laborers and precision workers.

As outlined in Materials and Methods, the main entheseal patterns
observed for the combined-sides dataset were also consistently present
in the analyses focusing on each anatomical side separately (see factor
loadings for all PCAs in Table 3). The latter include the two PCAs
involving entheses of the right hand (Figs. 5 and 6; also see PC1 scores in
Figs. 2 and 3) as well as the PCA on three left entheseal measurements
(Fig. 7).

The results of the two-sample Kolmogorov-Smirnov Z tests further
supported the above observations of entheseal differences between
burial groups (Table 4). A statistically significant difference was found
between typical and atypical burials in the scores of both PC2 (in the
first PCA; Fig. 1) and PC3 (in the second PCA; Fig. 4). Furthermore, a

significant difference was also found between all Phaleron and all Basel
individuals in the PC2 values of the second PCA (Fig. 4). In raw 3D size,
EPB showed a significant difference between burial groups, while four of
the five entheses significantly varied between Basel and Phaleron
(Table 5).

The results of the correlation tests on our documented reference
sample confirmed that the multivariate patterns observed in the PCAs
(Figs. 1 and 4) were not significantly associated with interindividual
variation in biological age or stature. Biological age and predicted
stature were not correlated with the PCs that represented variation in
proportions among different entheses (i.e., PC2 of the first PCA, PC2 of
the second PCA, and PC3 of the second PCA), with p-values ranging
between 0.12 and 0.74. In contrast, in agreement with previous studies
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Fig. 2. Jitter plots presenting the principal component 1 (PC1) scores of the two principal component analyses based on five muscle attachment sites (i.e.,
the one on combined anatomical sides and the one only on the right hand entheses). Based on the factor loadings (Table 3), interindividual variation on each of these
components represents differences in overall entheseal size (i.e., higher scores represent overall larger sets of muscle attachment areas).
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Fig. 3. Boxplots presenting the principal component 1 (PC1) scores of the two principal component analyses based on five muscle attachment sites (i.e.,
the one on combined anatomical sides and the one only on the right hand entheses). Based on the factor loadings (Table 3), interindividual variation on each of these
components represents differences in overall entheseal size (i.e., higher scores represent larger sets of muscle attachment areas).
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preserving these entheses. This PCA was conducted on a dataset combining entheses from both anatomical sides, after confirming that results were consistent
across PCAs (see Materials and Methods). No groups were assumed a priori. For the purpose of visual clarity, the documented samples from Basel are only represented
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Reflecting the vertical axis of the previous PCA (Fig. 1), the top illustration summarizes the main pattern presented by individuals with higher PC3 scores, while the
bottom image is associated with cases with lower PC3 scores. Respectively, the side illustrations summarize the main entheseal patterns of individuals with lower
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modified after Karakostis et al. (2018b).

(Karakostis et al., 2017; Karakostis and Lorenzo, 2016), the components
representing overall size variation (i.e., PC1 in both PCAs) were signif-
icantly and positively correlated with biological age (p-value: 0.01; rg:
0.46 and 0.47, respectively) and predicted stature (p-value < 0.01; rg:

0.55, in both cases). This indicates a positive association between the
raw size of entheses and the individuals’ age and estimated stature,
suggesting that the observed significant differences in raw 3D size (see
comparisons listed in Table 5) may likely be affected by systemic factors
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Fig. 5. Plot of the principal component analysis (PC1 and PC2) based on the 3D area measurements of three right muscle attachment sites and all in-
dividuals preserving these entheses. No groups were assumed a priori. For the purpose of visual clarity, the documented samples from Basel are only represented in
the plot by their convex hulls (for an extensive description of manual entheseal patterns in the same exact individuals, see Karakostis et al., 2020, (Karakostis et al.,
2018b), 2017). Reflecting the vertical axes of the PCAs on combined sides (Figs. 1 and 4), the top illustration summarizes the main pattern presented by individuals
with higher PC2 scores, while the bottom image is associated with cases with lower PC2 values (see Table 3). The two side figures were modified after (Karakostis

et al., 2018b).

of interindividual entheseal variation (as also demonstrated in previous
studies; see extensive review by Karakostis and Harvati, 2021). Among
the Phaleron individuals of our sample whose exact age-group could be
assessed (see Materials and Methods), there was no clear distinction
across age-groups within each sample. All calculated PCs for older and
younger individuals appeared to broadly overlap within each burial
group. Nevertheless, it should be noted that, for the atypical burial
group, the two potentially older individuals (i.e., burials IV_560 and
5_198) exhibited positive PC1 scores (i.e., larger overall entheseal 3D
size).

4. Discussion

The results of this study revealed a consistent power-grasping ten-
dency in most hand skeletons of the atypical burial sample (“biaiotha-
natoi”; Ingvarsson-Sundstrom and Backstrom, 2019; Chryssoulaki,
2020), which led them to overlap exclusively with documented

long-term heavy manual laborers (Figs. 1 and 4 to 7; also see Table 4).
This tendency was present but distinctively lower in the individuals of
the general burial sample, several of which exhibited precision-grasping
entheseal patterns (overlapping with recent long-term precision
workers). In terms of habitual manual behavior, these results suggest
that most individuals of our atypical burial sample were involved in
comparatively more strenuous activities than those in the general burial
sample. In our recent documented sample, similar entheseal patterns
were only found in long-term heavy manual laborers (mainly recent
heavy construction workers, such as bricklayers, carpenters, stonema-
sons, etc.). However, it is crucial to clarify that this observed similarity
does not indicate that the individuals of the atypical burial sample
themselves were necessarily construction workers, but rather that their
lifestyles likely shared a comparatively high frequency (and/or in-
tensity) of generalized power-grasping motions. Multiple strenuous
manual activities have been reported for the inhabitants of Archaic and
Classical Athens, such as farming, quarrying, mining, sea-faring,
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Fig. 6. Plot of the principal component analysis (PC2 and PC3) based on the 3D area measurements of five right muscle attachment sites and all in-
dividuals preserving these entheses. No groups were assumed a priori. For the purpose of visual clarity, the documented samples from Basel are only represented in
the plot by their convex hulls (for an extensive description of manual entheseal patterns in the same exact individuals, see Karakostis et al., 2020, (Karakostis et al.,
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main entheseal patterns observed in each direction of the two components (see Table 3). The four side figures were modified after (Karakostis et al., 2018b).

construction building, warfare, sports, and others (Hall, 2007; Morris,
2009; Osborne, 2009). With the exception of warfare and sports, most of
these tasks were typically associated with individuals of lower or middle
socioeconomic status (Golden, 2009; Nicholson, 2011; Osborne, 2009;
Pritchard, 2012).

It is worth noting that all individuals of our atypical burial sample
seem to be of male sex (see Materials and Methods; also see
Ingvarsson-Sundstrom and Backstrom, 2019). In all our PCAs (Figs. 1
and 4 to 7), most of them occupied the uppermost area of the plots (i.e.,
high scores on the vertical axes), overlapping exclusively with certain
male individuals of the typical burial group. This could perhaps be
indicative of behavioral differences between sexes, suggesting that some
of the males (including most atypical burials) may have been involved in
more strenuous manual tasks than all other males and females. How-
ever, given the limited representation of potential female skeletons in
our study (N = 11), we believe that this possibility can only be properly
addressed through future research on increased female sample sizes (in
the atypical group). Additionally, considering the sexual division of
labor in Archaic Athens (Hall, 2007), one could argue that incorporating

10

females to analyses of male-only samples (i.e., atypical burials and the
Basel individuals) may have affected our results on manual activity. To
ensure that this is not the case, we have re-run all analyses without the
11 females, confirming that all observed entheseal patterns (PCAs) as
well as statistical test outputs (i.e., significance of two-sample Kolmo-
gorov-Smirnov results) did not considerably alter in any way.

Due to preservation issues, it was impossible to directly assess the
effects of biological age on the entheseal patterns of the Phaleron in-
dividuals. Nevertheless, our tests focusing on the comparative sample
from Basel showed that only PC1, which reflected overall entheseal size
(see factor loadings in Table 3), presented a strong association with age
and stature. On the contrary, the other PCs (PC2 and PC3), which rep-
resented variation in proportions among different entheses, did not
present such correlations in the documented individuals. This directly
reflects the results of our previous research on the same mid-19th cen-
tury Basel sample (Karakostis et al., 2017). In the present study, on the
PC1 axis, individuals from all groups (Basel and Phaleron) extensively
overlap in all analyses (e.g., see the PCA plot of Fig. 1). At the same time,
numerous individuals with almost identical values on PC1 (representing
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dividuals preserving these entheses. No groups were assumed a priori. For the purpose of visual clarity, the documented samples from Basel are only represented in
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summarizes the main pattern presented by individuals with higher PC2 scores, while the bottom image is associated with cases with lower PC2 values (see Table 3).

The two side figures were modified after (Karakostis et al., 2018b).

Table 4

Comparisons of multivariate patterns (PC scores) between groups using
the two-sample Kolmogorov-Smirnov Z tests. All three p-values remained
statistically significant (below 0.05) even after correction using the Holm-
Bonferroni sequential technique (see Materials and Methods). The terms
“atypical” and “typical” refer to the two Phaleron burial groups studied, while
“reference sample” indicates the thoroughly documented individuals from the
Basel Spitalfriedhof collection (Switzerland).

Groups compared Variable Z-value P-value
Atypical Typical PC2 scores (first PCA) 2.06 < 0.01
Atypical Typical PC3 scores (second PCA) 1.46 0.03

Phaleron Reference sample PC2 scores (second PCA) 2.87 < 0.01

overall size) present distinctive scores on the vertical axis PC2 (repre-
senting proportions among different entheses), which is the variable
demonstrating the group differences highlighted in this study. Thus, if
one were to propose a major effect of biological age on the observed
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differences between typical and atypical burials, it would have to be
assumed that, in contrast to what is observed in other population sam-
ples (Karakostis et al., 2017; Karakostis and Lorenzo, 2016), degenera-
tive changes did not only affect the raw size of entheses, but also
impacted the proportions among different entheses of each Phaleron
individual. Simultaneously, it would also have to be assumed that,
especially for the atypical burials (but not the typical ones), these hy-
pothetically age-driven proportions happened to largely coincide with
the patterns of documented lifelong manual laborers from a recent
sample (of varying biological ages), while also coincidentally reflecting
greater thumb extension (i.e., recruitment of EPB; see Tables 1 and 3).
Even though it is impossible to entirely dismiss the above scenario due to
the absence of reliable age assessment for most Phaleron individuals, we
do not consider it the most parsimonious interpretation of our results.
Despite the above differences between atypical and typical burial
samples, the results of this study also revealed important similarities. In
all PCAs, most individuals of both groups share an overall power-
grasping tendency (even if that is systematically higher in most
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Table 5

Comparisons of raw 3D surface measurements (in mm?) between groups using
the two-sample Kolmogorov-Smirnov Z tests. P-values that remained significant
after sequential correction (for each set of five comparisons; Field, 2013; Holm,
1979) are in bold. The terms “atypical” and “typical” refer to the two Phaleron
burial groups studied, while “reference sample” indicates the thoroughly
documented individuals from the Basel Spitalfriedhof collection (Switzerland).
Abbreviations of muscle/entheses are spelled out in Table 1.

Groups compared Raw Measurement Z-value P-value
Atypical Typical OoP 1.48 0.03
Atypical Typical ABP/FPB 1.22 0.10
Atypical Typical ADP 0.72 0.67
Atypical Typical FPL 1.35 0.05
Atypical Typical EPB 2.24 <0.01
Phaleron Reference sample OP 1.63 0.01
Phaleron Reference sample ABP/FPB 1.60 0.01
Phaleron Reference sample ADP 2.31 <0.01
Phaleron Reference sample FPL 4.00 <0.01
Phaleron Reference sample EPB 1.07 0.20

individuals of the atypical burial sample; Figs. 1 and 4 to 7). Further-
more, our analyses identified one axis of variance (i.e., PC2 of the second
PCA; Fig. 4), which grouped the majority of the Phaleron individuals
together in the positive side of the plot, opposite to most values of our
modern documented sample from Basel. This difference between the
two population samples, which was found to be statistically significant
(Table 4), may likely be due to various systemic factors of interpopu-
lation variation in entheseal morphology, such as genes, nutrition,
hormones, and age (Foster et al., 2014; Schrader, 2019; Villotte and
Kniisel, 2013). In this framework, one could argue that perhaps the
unknown effects of these factors may have affected this study’s in-
terpretations (e.g., coincidentally leading to the observed overlapping
between Basel’s lifelong manual workers and Phaleron’s atypical
burials). However, the Phaleron individuals would still present the
observed entheseal patterns (e.g., the one reflecting intense thumb
extension in most atypical burials) even without including Basel’s life-
long manual laborers in the analyses. That comparison is nevertheless
essential for our study’s interpretations because it confirms that, in a
sample with thorough and long-term occupational documentation, such
an entheseal pattern is almost exclusively found in lifelong heavy
manual laborers.

Even though the methods and results of the present study cannot be
used to directly assess population origin, the above entheseal similarities
between the two Phaleron groups may be indicative that they both
originate from a broadly similar population, at least in terms of general
lifestyle and living conditions. This possibility may be also further
supported by comparisons among groups in bone pathology and epige-
netic traits. Future paleogenetic analysis of the Phaleron skeletons may
be able to provide further insights into whether these burial groups
represent different populations. Nevertheless, it is worth noting that
entheseal variation in our thoroughly documented sample from Basel
was not associated with familial relatedness (see Karakostis et al., 2017).
Therefore, we would find it unlikely that the same exact PCs (e.g., Fig. 1)
representing occupational differences in one population (Basel) would
then be driven exclusively by genetic factors in the Phaleron samples.

The multivariate results of the present study were consistent between
the PCAs combining anatomical sides (Figs. 1 and 4; Table 3) and those
performed on each side separately (Figs. 5-7; Table 3). Previous
research on our documented sample from Basel (also following the V.E.
R.A. approach) had also reported similar entheseal correlations between
the left and the right side of each individual (see Karakostis et al., 2018).
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As discussed in that previous research, we believe that such consistency
between sides is to be expected for hand entheseal multivariate patterns,
regardless of hand preference. This is because a construction worker’s
preference for using one anatomical side does not negate the fact that
heavy manual labor requires bimanual hand use. At the same time, a
tailor’s precise grasping in one anatomical side does not equate the
habitual performance of intense power-grasping in the other. In the
comparative framework of a PCA, the signal of intra-individual bilateral
differences is likely weaker than the variation across individuals with
distinct occupational specializations.

5. Conclusions

The aim of this study was to provide new insights into the identity of
the Phaleron’s atypical burials, comparing a general burial sample with
a group of apparently executed individuals buried near a major port of
Archaic and early Classical Athens. Our results revealed a shared
component among most of the latter individuals, who presented evi-
dence of unusually strenuous manual activities in their hand skeletal
remains. Such patterns were present but significantly less distinctive in
most of their surrounding burials. Despite the limited sample sizes of this
pilot study, its findings comprise a crucial step in creating osteobiog-
raphies for these individuals, which will provide a deeper understanding
of the socio-political conditions that preceded the rise of Classical Age
Athens. We believe that future research could further elucidate the
occupational and socioeconomic profiles of the Phaleron burials,
hopefully relying on the potential inclusion of additional well-preserved
human remains from this cemetery. For instance, extending our research
to the muscle attachment sites of other important anatomical regions
would likely allow for greater resolution of habitual physical activities.
Such data could be further combined with other potential sources of
information, involving enthesopathies, osteoarthritis, cross-sectional
geometric properties of the long bones, Schmorl’s nodes, dental wear,
palaeogenetics, and isotopic analyses. Importantly, more nuanced hy-
potheses on physical activity and socioeconomic status would benefit
from a deeper historical investigation of occupational differences in
ancient Greece during the historical period in question.
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