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ANTHROPOLOGY

Evidence for precision grasping in Neandertal

daily activities

Fotios Alexandros Karakostis', Gerhard Hotz*3, Vangelis Tourloukis'*, Katerina Harvati

Neandertal manual activities, as previously reconstructed from their robust hand skeletons, are thought to involve
systematic power grasping rather than precise hand movements. However, this interpretation is at odds with
increasing archeological evidence for sophisticated cultural behavior. We reevaluate the manipulative behaviors
of Neandertals and early modern humans using a historical reference sample with extensive genealogical and
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lifelong occupational documentation, in combination with a new and precise three-dimensional multivariate
analysis of hand muscle attachments. Results show that Neandertal muscle marking patterns overlap exclusively
with documented lifelong precision workers, reflecting systematic precision grasping consistent with the use of
their associated cultural remains. Our findings challenge the established interpretation of Neandertal behavior
and establish a solid link between biological and cultural remains in the fossil record.

INTRODUCTION

Reconstructing the habitual behaviors of fossil hominins is vital for
understanding the biocultural factors driving human evolution.
Manual activities specifically hold particular interest, as they pro-
vide insights into the evolution of tool making and use, an essential
human adaptation. A fundamental objective of human evolutionary
research therefore addresses the manipulative capacities and be-
haviors of fossil hominins compared with modern humans [for ex-
ample, (I1-8)]. The latter are characterized by the ability to perform
various precision grips crucial for the production of sophisticated
artifacts and tool use (3, 5, 8). Among archaic humans, Neandertal
hands have been interpreted as showing overall muscle hypertrophy
and frequent performance of transverse power grips (1, 2, 7), sug-
gesting that their habitual manual activities mainly relied on sus-
tained high grip force, without the systematic use of fine-tuned hand
movements. Therefore, despite being anatomically capable of per-
forming modern human-like precision grips using their thumb and
index finger (3, 7, 8), previous analyses of Neandertal hand remains
found no evidence for habitual use of precision grasping (I, 2, 7).
This finding was, in turn, interpreted as indicating major behavioral
differences with early modern humans, perhaps centering on a de-
creased reliance on composite tools and hafting (2), considered
important components of behavioral modernity (9). However, this
commonly accepted view of Neandertal behavior is difficult to
reconcile with a growing body of archeological evidence documenting
a wide range of activities that require relatively high levels of manual
precision (for example, the production and use of specialized bone
tools for hide processing, the making of cordage and fire-aided
adhesives, etc.) (10-12), with the frequent “microlithic” character of
Mousterian assemblages (13) and with the use of composite artifacts
(14). Here, we reevaluate the manipulative activities of Neandertals
and early modern humans using a new three-dimensional (3D)
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method of analysis of hand entheseal surfaces and a uniquely docu-
mented comparative sample. Results show that Neandertals system-
atically performed precision grips, in agreement with their associated
cultural remains. In contrast, early modern humans present a greater
variability of manual grips, consistent with the hypothesis that inten-
sified division of labor emerged among Upper Paleolithic modern
humans (15).

Entheses (muscle attachment scars) are the only skeletal markers
directly associated with the musculotendinous system (16). Their mor-
phology is commonly considered to reflect biomechanical stress and
habitual activities (see Materials and Methods) (4, 7, 17-23). However,
their understanding has been limited in the past by low measuring re-
peatability,lack of rigorousstatistical analysis,and—mostimportantly—
the absence of a clear link between entheseal anatomy and physical
activity [for example, (24)]. Although multiple studies suggest an
association between particular aspects of entheseal variability and
biomechanical forces [for example, (4, 7, 17-23)], recent work has
questioned this relationship (25-28). Specifically, recent work on
human cadavers found no linear correlation between muscle archi-
tecture and hand entheseal form (27). Furthermore, recent experi-
mental studies on various nonprimate animals (25, 26, 28) reported
no significant metric differences in certain entheses between inde-
pendent groups of specimens (exercised versus control groups).
Nevertheless, these studies suffer from important limitations (see
Methods). For instance, they all focused on single entheses rather than
the pattern among muscle attachments and often ignored factors
known to greatly influence entheseal morphology [see (19, 22, 29, 30)],
such as advanced age [for example, (27)]. All previous anthropolog-
ical studies evaluating the link between entheses and activity relied
on occupation at death, which is known to provide inadequate
information on habitual, long-term activities [see (31)]. Moreover,
past experimental work has relied on relatively short experimental
sessions (lasting a few months) involving various nonprimate species
(25, 26, 28), even though the threshold of biomechanical strain re-
quired to form a significant amount of new bone is unknown (25)
and could vary greatly across taxa.

In contrast, our approach is based on the widely proposed
notion that entheseal variability is mainly driven by a complex
interaction between lifelong bone degeneration and long-term
habitual physical activity [for example, (19, 22, 30)]. Rather than
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anticipating a statistically significant metric difference between in-
dependent groups of individuals after relatively short experimental
sessions, we use a unique historical comparative sample with fully
documented lifelong occupational activity and life history (22),
which can capture the gradual effects of this interaction on the
multivariate proportions among entheses. The nature of long-term
occupational activities in this sample was determined on the basis
of both the highly detailed archival information on each individual
as well as the rich historical sources describing the exact manual
tasks performed and mechanical equipment used in each occupa-
tion [see cited literature in (22)]. The power grip subsample mainly
includes long-term heavy construction workers (bricklayers, stone-
masons, and carpenters), while the precision grip group mainly
comprises individuals with verified semimechanized activities of
lower physical intensity (tailors, shoemakers, joiners, a silk-dyer, a
writer, a painter, etc.) (22). We overcome the limitations of subjec-
tive evaluation, or “scoring,” of entheseal development by using a
repeatable quantification of 3D hand entheseal surface areas (21).
Finally, we identified morphometric patterns of entheses reflecting
functionally significant muscle synergies relating to power versus
precision grips (21, 22), for the first time providing an appropriate
toolkit for reliable reconstructions of habitual physical activities
in the past. The muscles involved in the observed power grasping
pattern act together to move the thumb (extension of its proximal
phalanx and flexion of the distal one), the fifth digit (abduction and
flexion of the fifth finger), and the wrist (extension of the wrist and
ulnar deviation of the hand). By contrast, the synergistic muscles
of the observed precision grip pattern position the thumb (thumb
opposition, adduction, abduction, and/or flexion) and the index
finger (abduction and/or adduction). The primary function of each
muscle and the biomechanical literature describing the above-
mentioned muscle synergies are presented in Table 1. The entheseal
patterns corresponding to these particular muscle groups were
previously shown to differ across individuals with distinct long-
term occupations (22).

We applied our innovative approach to a fossil sample of
Neandertals and early modern humans from the Late Middle to
Late Pleistocene of Europe, Western Asia, and, in one case, North
Africa (table S1). Both groups were represented by a total of six in-
dividuals each, whose manual entheses were adequately preserved
so as to be included in our study (see Methods).

RESULTS

We quantified the entheseal surface areas (in square millimeters)
of the two synergistic muscle groups related to precision (coordi-
nated actions of thumb thenar and forefinger muscles) and power
(application of high grip force by engaging specific thumb and fifth
ray muscles; cf., literature cited in Table 1). After adjusting these
measurements for overall size based on a geometric mean of all
entheseal measurements (cf., Materials and Methods and table S2),
we conducted a principal components analysis (PCA) without a
priori group categorization to investigate the patterns of variance
shown by our sample. We also performed a discriminant function
analysis (DFA) to assign each specimen to a functional grip category
(Materials and Methods). We conducted cross-validation classifica-
tion to evaluate the robustness of the results. We performed two
analyses for both PCA and DFA, so as to accommodate the incom-
pleteness of the fossil record: the first maximized variables by using
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Table 1. Two synergistic muscle groups reflected on the multivariate
patterns among hand entheseal surfaces (21, 22).

Insertion site
analyzed (76, 21, 22)

Muscles Primary function (76)

Muscles coordinated for precision grasping using the thumb and
index finger (21, 52-55)

Abductor pollicis Abducts the thumb Radial base of the first
proximal phalanx
Adductor pollicis Adducts the thumb Ulnar base of the first
proximal phalanx
First dorsal Abducts the second Radial base of the
interosseus finger second proximal
phalanx
First palmar Draws the second finger  Ulnar base of the
interosseus toward the third second proximal

finger phalanx
Radial base of the first
proximal phalanx

Flexes the first
metacarpophalangeal
joint

Flexor pollicis brevis

Radial diaphysis of
the first metacarpal

Abducts, rotates, and
flexes the thumb

Opponens pollicis

Muscles coordinated for producing sustained power grasping (21, 53-55)

Abductor digiti Abducts the fifth finger  Ulnar base of the fifth
minimi proximal phalanx

Extensor carpi Extends the wrist and Ulnar base of the fifth
ulnaris adducts hand metacarpal

Dorsal base of the first
proximal phalanx

Ulnar base of the fifth
proximal phalanx

Extensor pollicis Extends the thumb
brevis

Flexor digiti minimi  Flexes the fifth finger

Flexes the first distal
phalanx

Flexor pollicis
longus

Palmar diaphysis of the
first distal phalanx

a data set of nine hand entheses and the second used three entheses
to maximize the fossil sample. After establishing that left and right
hand bone sets behaved similarly in all samples (Materials and
Methods and figs. S1 to S3), we combined entheses from the right
and left hands of fossil individuals, so as to include as many fossil
specimens as possible. Our comparative sample includes 45 rela-
tively young adult males (<50 years) with no direct genetic relation-
ships, for which long-term occupational activities, exact manual tasks,
official medical records, and socioeconomic characteristics have been
documented (22).

Results of the PCAs

Principal component 1 (PC1) (31% of total variance) of the first
PCA separated individuals whose long-term occupational and socio-
economic characteristics required systematic precision grasping
(high PC1 scores) from those whose long-term job positions de-
manded power grips (low PCI scores) (Fig. 1A), as previously re-
ported (22). The four Neandertals that could be included here
exhibited high PC1 scores, overlapping exclusively with the former
group. High PC1 scores correspond to strong correlations among
specific thumb and index finger entheseal variables (that is, surface
area measurements adjusted for the effects of overall size) of muscles
whose coactivation is fundamental for human precision grasping
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Fig. 1. PCA (nine entheses) without a priori group categorization. (A) PC1 versus PC2; (B) PC2 and PC3. The side figures in each plot demonstrate muscle entheses with high
factor loadings (see Statistical analysis in Materials and Methods), describing the two opposite entheseal patterns of PC1 (A) and the entheseal pattern (that is, high values in
both PC2 and PC3) separating Neandertals from all modern humans (B). FPL, flexor pollicis longus; ADM, abductor digiti minimi; FDM, flexor digiti minimi; ECU, extensor
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(Fig. 1A; see also Table 1 for muscles involved in the described pre-
cision grip pattern) (5, 6, 8, 21, 22, 32). More specifically, higher
scores on this PC indicate that the entheses of the precision grasp-
ing pattern present proportionally larger surface areas than those of
the power grip pattern. Inversely, lower scores represent individual
hands with proportionally larger entheses of muscles coordinated for
power grasping using the thumb, the fifth ray, and the wrist (Table 1).
Neandertals also presented high scores on PC1 (72% of total vari-
ance) of the second PCA (Fig. 2), which included six Neandertal in-
dividuals (table S1) and only three entheses. These results show that
additional, less well-preserved Neandertal specimens, which could
not be included in the initial analysis of nine entheses, also present a
distinctive precision grasping entheseal pattern. Moreover, the second
PCA results demonstrate that the two entheseal tendencies (power
grasping versus precision grasping) are also observable using the
three entheses of isolated thumb proximal phalanges.

By contrast, early modern humans’ PC1 scores reflected both
power and precision grasping. In the first analysis, two individuals
(Ohalo 2 and Nazlet Khater 2) presented an entheseal pattern
consistent with power grasping (Fig. 1A), with PC1 scores similar
to those of lifelong heavy manual workers (22), while two others
(Qafzeh 9 and Arene Candide 2) showed a precision grasping
entheseal pattern, plotting together with Neandertals and precision

workers. The second analysis included six early modern human
specimens, showing similarly variable PC1 scores (Fig. 2).

The first PCA also separated Neandertals from all modern
human samples (the latter broadly overlapping) along PC2 and
PC3 (18 and 15% of total sample variance, respectively) (Fig. 1B).
Neandertals showed high PC2 scores, reflecting proportionally
larger entheseal surface areas for the opponens pollicis (opposes the
thumb), adductor pollicis (adducts the thumb), and flexor pollicis
longus (flexes the thumb) muscles compared to all remaining
entheseal measurements (see Table 1 and table S3). Their high PC3
scores correspond to proportionally larger entheses for muscles
recruited during the performance of tool-related precision grips
involving the fifth finger muscles (Table 1 and table S3) (6), includ-
ing, additionally, extensor carpi ulnaris, which provides stability
to the wrist’s ulnar side by extending it while adducting the hand
(cf., Table 1) (16). Although the latter muscle’s entheseal area also
contributes to the power grip pattern illustrated in Fig. 1A, in
the Neandertal pattern of PC3 (Fig. 1B) there is no considerable
contribution of certain thumb entheses (flexor pollicis longus and
extensor pollicis brevis), whose attaching muscles are fundamental
for performing power grips (for simultaneous extension of the
thumb’s proximal phalanx and flexion of its distal one) (6) (see also
cited literature in Table 1).
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ings on PC1 (see Statistical analysis in Materials and Methods).
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Results of the DFAs

The DFA results were consistent with those of the PCA. We classi-
fied all Neandertal specimens with habitual precision workers with
a posterior probability of 98% or higher (Table 2). We classified the
six early modern human specimens in both categories, with proba-
bility values close to 95% or higher, with the exception of Abri
Pataud 1, classified with the power grip group with a probability of
68% in the three entheses analysis (Table 2). This specimen also had
an intermediate PC1 score in the corresponding PCA (Fig. 2).
Overall, original and cross-validation classification for the docu-
mented specimens showed a mean accuracy of approximately 95%
for both DFAs (Table 2 and table S4).

DISCUSSION

Habitual precision grasping in Neandertals

Previous research has concluded that even though Neandertals were
anatomically capable of performing precision grips (3, 7, 8), their
habitual manual activities were mainly based on transverse power
grasping (1, 2, 7). Our results challenge this interpretation by pro-
viding morphological evidence that their habitual behavior primarily
involved precise manual tasks. This evidence involves their hand
entheseal multivariate patterns, which directly reflect muscle com-
binations recruited for precision grasping (cf., Table 1 and Figs. 1
and 2) (5, 6, 8, 21, 22, 32-34). Moreover, Neandertals differed from
both early and recent modern humans investigated here in their ap-
parent more frequent use of two precision grip varieties (Fig. 1B),

Table 2. Mean accuracy rates and posterior probability values of the
two discriminant function analyses.

DFA First (nine Second (three
entheses entheses
data set) data set)

Accuracy (original/cross-validated) 95.6%/93.3% 95.6%/95.6%

Predicted group/posterior probability values

Neandertals Kebara 2 Precision Precision
grip/>0.99 grip/>0.99

La Ferrassie 1 Precision Precision
grip/>0.99 grip/>0.99

La Ferrassie 2 Precision Precision
grip/>0.99 grip/>0.99

Shanidar 3 — Precision
grip/>0.98

Shanidar 4 Precision Precision

grip/>0.99 grip/0.99

Tabun 1 — Precision
grip/>0.99

Early modern Abri Pataud 1 — Power grip/0.68

HEELS Arene Candide  Precision Precision
2 grip/>0.98 grip/>0.99
Dolni Vestonice — Precision
14 grip/>0.99
Nazlet Khater2  Power grip/0.98 Power grip/0.89
ha . .

Qafzeh 9

Precision
grip/>0.99

Precision

grip/>0.99
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reflecting the performance of thumb movement toward the rest of
the hand (PC2) in combination with the use of precision grasping
(PC3) thought to be related with lithic tool use (6).

In contrast to Neandertals, who consistently fell with the pre-
cision grip category in all analyses, early modern humans were
variably grouped with either precision or power grip samples.
Although our samples are very small, these results are consistent
with the hypothesized intensification of division of labor among
early modern human groups (15). Our results are also consistent
with previous interpretations of individual specimens. Nazlet
Khater 2, classified with the power grip category, was previously
associated with strenuous physical activities (that is, mining) based
on its robust postcranial morphology and vertebral lesions (35).
Furthermore, the cultural contexts of Ohalo 2, Dolni Vestonice, and
Arene Candide are indicative of communities with high occupa-
tional variability (36-38).

Previous research has described several anatomical differences
between Neandertals and modern humans, which may have provided
the latter with a biomechanical advantage for precision grasping
(3, 7). Nevertheless, Neandertals were still fully capable of perform-
ing precision grips relying on the thumb and the index finger (3),
with a recent kinematic study suggesting that Neandertal hands
may have been slightly more dexterous (that is, higher “workspace
values”) than some recent modern humans for manipulating very
small objects using thumb-index precision grasping (8). Even if
modern human hand anatomy is slightly better adapted for precision
grasping, this in itself does not negate habitual precise manipulation
by Neandertals, especially in light of the growing body of archeological
evidence suggesting otherwise (10-12). In this framework, our
study provides novel insight into the habitual activity patterns of
Neandertals (rather than the biomechanical properties of their hand
anatomy) based on a comparative sample documented for the indi-
viduals’ occupational activities in life.

CONCLUSIONS

Our findings establish a clear link between the biological and
cultural remains of Neandertals and challenge the common por-
trayal of Neandertal manual behavior as relying on power and
rarely performing tasks requiring precision (1, 2, 7). The habitual
performance of precision grasping evidenced here is consistent with
the sophisticated cultural behavior increasingly documented for
this group [for example, (10-12, 39)]. It also fits well with the
production and/or use of flake-based industries (5, 23, 40), which
comprise the primary cultural context of Neandertals (14) and
include flakes so small that their function has puzzled archeologists
(13). These production activities (knapping) and use (for example,
for cutting, defleshing, and disarticulating animal carcasses) require
the systematic performance of forceful precision grips relying
mainly on the thumb and the index finger (5, 33), such as those
found by our results, during which the thumb forcefully secures the
tool against the fingers and/or the palm, while the index finger
opposes its cutting edge (for example, Fig. 3) (33). Our study
provides the first direct anatomical evidence to support the archeo-
logical indications that Neandertals habitually performed delicate
manipulation of objects and substances and produced and used
small-sized tools in activities that necessitated a certain (high) level
of precision, challenging the long-held ideas about the complexity
of their behavior.
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Fig. 3. Two examples of precision grasping involving mainly the thumb and the index finger during the production and use of lithic flakes. Here, these hand
movements are represented by high values on PC1 of the PCA using nine entheses (Fig. 1A).

MATERIALS AND METHODS

Biomechanical significance of entheses

Entheses comprise the only skeletal markers directly associated
with the musculotendinous system (16). Their morphology has
been found to influence the biomechanical efficiency of the attach-
ing muscles by regulating their moment arm [for example, (4, 17)],
while entheseal variation in 3D size among different species
strongly correlates with muscle force levels [for example, (18)].
Previous research has reported a statistically significant correlation
between human aggregate muscle markers and cross-sectional
robusticity (widely considered as a good proxy of biomechanical
stress) [for example, (19)]. Furthermore, a multivariate analysis
of entheseal scores found a significant variation across different
occupational classes (20), while the multivariate patterns among
hand entheseal 3D surface areas were reported to reflect funda-
mental manual muscle synergies (21, 22) as well as the nature of
lifelong occupational activities (22). In an evolutionary context,
past studies have used particular aspects of entheseal morphology
as indicators of manipulative dexterity and/or behaviors in fossil
hominins [for example, (4, 7, 17, 23)].

Nevertheless, past research on entheses was plagued by several
methodological issues, including low measurement precision (24)
and the rare application of advanced statistical methods [see (20-22)].
Several recent studies have questioned the functional significance of
entheses, relying on either anatomical or experimental data (25-28).
In particular, Williams-Hatala et al. (27) investigated the associa-
tion between hand morphology and muscle measurements related
with biomechanical stress, reporting no linear correlation in a
sample of human cadavers. A series of experimental works on
various nonprimate species (25, 26, 28) compared the entheses of
two independent groups of individuals, following relatively short
experimental sessions (that is, a few months). These studies found
no statistically significant difference between the exercised and
control groups. However, several important limitations of these
works must be kept in mind.

Karakostis et al., Sci. Adv. 2018; 4 : eaat2369 26 September 2018

First, even though longitudinal experimental work on humans
has found that physical activity appears to have a substantial
effect on the distribution of bone mineral density across dif-
ferent skeletal areas but less so on the raw amount of bone mineral
density per individual [for example, (29, 41, 42)], the recent re-
search mentioned above (25-28) did not perform multivariate
analyses among different muscle attachments. Instead, it focused
on comparing the same entheseal form across individuals (or groups
of individuals). Furthermore, the morphology of entheseal surface
areas was known to be strongly correlated with factors other than
physical activity, which have not always been taken into account:
For example, a recent study questioning the relationship between
physical activity and entheses by assessing the linear association
between muscle architecture and hand entheseal form (27) relied
on old individuals (mean age, 77.9 + 12 years), despite the widely
demonstrated effects of advanced age on muscle dimensions, enthe-
seal form, the capacity for bone remodeling, and the levels of
activity expected (19, 22, 29, 30). The same study (27) also did not
take into consideration that muscle and bone do not react iden-
tically to stress: Muscle changes are already observable within
2 months of systematic physical exercise [for example, (43)], whereas
a significant increase in the levels of bone formation—as well as an
average human bone remodeling period—requires much longer
periods of time [for example, (29, 41)].

Similarly, although previous research based on biochemical
markers has shown that a significant increase in the levels of human
bone formation may not be observed for over 1 year of highly in-
tense and systematic exercise (29, 41), no previous anthropological
studies used samples with documented activities over several years
before death. Rather, they typically relied on occupation at death,
which is known to provide inadequate information on habitual,
long-term activities [see (31)]. Moreover, past experimental work
on the entheses of various nonprimates involved training sessions
lasting less than 13 weeks (25, 26, 28) with 1 hour (25) or 30 min (28)
of daily activity, even though the exact threshold of biomechanical
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strain required to form a significant amount of new bone is not yet
defined (25) and could vary greatly across taxa. These experimental
studies also did not analyze entheseal morphology in the same indi-
viduals before and after a particular training session (25, 26, 28). By
contrast, they used two independent groups of specimens (“control
group” and “exercised group”), which were directly compared
through bivariate statistical analyses for each enthesis separately.
However, given the relatively short training periods and the numerous
factors affecting interindividual variability in entheses (19, 22, 31),
the slight entheseal changes gradually leading to multivariate pat-
terns were likely not detectable through direct probability compari-
sons between different individual groups. Furthermore, while one
of these experimental studies found a significant effect of exercise
on certain bone cortical and trabecular measurements but not on
entheseal bone surfaces (28), the authors did not address several
additional factors influencing their interpretations, including the
verified capacity of entheseal surfaces for new bone formation in
association with changes in the immediately adjacent trabecular
structures (44), the very high correlations reported by past research
between external and internal bone robusticity measures (45),
and the fact that their measuring techniques (28) have rarely been
applied—or tested—in entheseal research.

Taking the above into consideration, our approach relies on a
precise technique for 3D quantification of hand entheseal surfaces
in combination with multivariate statistical analysis (21, 22).
This methodology can reveal multivariate patterns of hand entheses
with functional significance (21, 22). Its application on a sample
with thoroughly documented long-term habitual activities has
shown that entheseal patterns reflect the general nature of life-
long manual activities (power grasping versus precision grasping
behaviors) (22).

Experimental design: Materials

The reference sample of this study comprises part of the Basel-
Spitalfriedhof collection, housed at the Natural History Museum of
Basel. It consists of 45 individuals documented in detail for their
biological, medical, genealogical, socioeconomic, and long-term
occupational profiles. A recent study on the same reference sample
(22) found a close association between occupational activities and
multivariate patterns of hand entheses. The occupational docu-
mentation archived in the Public Record Office of Basel-Stadt in-
cludes longitudinal information on the individuals’ occupational
activities, hiring company or institution, changes during life, as well
as their position at work (22, 46-48). To our knowledge, this level
of documentation is unique among reference samples in biological
anthropology. To control for factors responsible for entheseal
variation (31, 49), criteria for sample selection included excellent
state of preservation, male sex (for avoiding the effects of sexual
dimorphism), an age range between 18 and 48, no reported medical
pathologies (based on medical records) involving or affecting the
hands, no direct relatedness among individuals, same wider geo-
graphical origin, similar socioeconomic status (middle or low socio-
economic classes), and extensively detailed occupational information
(22, 46-48). It should also be mentioned that the hand entheseal
patterns of this reference sample were not associated with biological
age (18 to 48 years), body size, or hand bone length (22). Previous
research on entheses relied on specimens’ occupation at death, which
is shown to be an inadequate basis for inferring physical activity
using human skeletal remains (31).
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Besides its unique documentation, there are certain essential
advantages in using a reference sample from this specific historical
context (early industrial period in Basel). The occupational activi-
ties of most individuals with low socioeconomic status were highly
intense and systematic throughout their lifetime. In particular,
most of these individuals in Basel started working at 14 years of age,
spending the vast majority of their daily hours on specific manual
tasks (50). The numerous historical sources for this period and
urban area offer detailed descriptions of the manual techniques
instructed and performed in each specialized labor [for example, see
references in (22)]. Based on them, there were profound differences
between the manual grips performed by our sample’s heavy manual
workers (systematic sustained power grasping) and the ones carried
out by the urban precision workers (systematic coordinated actions
of the thumb and the index finger) (Table 1). In this framework, the
exceptional documentation of our sample (22, 46-48), which cap-
tures the full variability between these two occupational tendencies
(22), makes it an appropriate reference basis for assessing the nature
of habitual grasping performance (power or precision) in unidenti-
fied individuals. More information on the two occupational ten-
dencies in our sample is provided below, in “Statistical analysis.”

All fossil specimens that could be included in the multivariate
analyses of this study are listed in table S1, while the entheseal mea-
surements are presented in Table 1 and table S2. The approach of
this study required hand bone sets that are as complete as possible,
given that the presence of multiple hand entheses for each indi-
vidual is necessary for the multivariate analyses. Furthermore, the
hand entheses of each individual set must be safely associated with
each other (when different bones are used), which is frequently not
the case in Paleolithic contexts. All entheseal surfaces showing
taphonomic or pathological damage were excluded from this study.
Moreover, all selected specimens corresponded to adult individuals
with fully fused and developed hand bones. In total, the number of
both adequately preserved and available fossil individuals involved
six Neandertals and six early modern humans (table S1). Multiple
other individual hand bone sets were also available for this research
(for example, specimens from Amud, La Chapelle-aux-Saints, Shanidar,
Spy, Regourdou, Abri Pataud, Arene Candide, Dolni Vestonice,
Pavlov, Qafzeh, Skhul, and other contexts) but had to be excluded
from the analyses because some of their most essential hand entheses
either were not preserved, were pathological, damaged, or un-
available. To include all 12 eligible and well-preserved fossil indi-
viduals (table S1) in this research, two analyses were performed on
the basis of different numbers of entheses (table S3; see also below,
in Statistical analysis).

Experimental design: Selection of hand entheses

The nine hand entheseal surface areas selected for the analysis
(Table 1 and table S2) were those contributing significantly to the
two multivariate patterns of entheses reflecting power or precision
grasping, based on the results of two previous studies on two dis-
tinct modern human population groups (21, 22). One of these (22)
focused on the same reference sample as this study (and the same
entheseal measurements), while the other used a medieval sample
from Burgos in Spain (21). In each of these two population groups,
these particular muscle groups provided considerable variation
across individuals. It should be mentioned that previous research
suggested that the combination of a proportionally large enthesis
for opponens pollicis and a well-developed crest in Neandertal fifth
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metacarpals’ midshaft diaphysis (not analyzed in this study) could
indicate the forceful performance of various power or precision
grips involving the thumb and the little finger (7). This assumption
is based on the fact that this relatively short crest lies within the
much wider area of attachment for the muscle opponens digiti
minimi (which draws the fifth metacarpal into opposition with the
thumb) (16). However, as also noted in the same previous research
(7), this crest is much subtler (or nearly absent) in some Neandertal
individuals whose opponens pollicis enthesis remains propor-
tionally massive (for example, Amud or La Chapelle-aux-Saints). At
the same time, it was not traceable in the majority of either early or
recent modern humans (7, 21). Only 27% of our reference sample
presented this bone elevation, including only 26% of the individuals
associated with habitual power grasping. Furthermore, as Niewoehner
(7) also observed, this structure was not compatible for comparative
analysis, as its form and position are usually not homologous even
within each human species (21). Finally, it is worth noting that the
fifth proximal phalanges of most Neandertals present a relatively
similar bone projection at an equivalent point of their midshaft
diaphysis, even though this bone area in modern humans does not
comprise a muscle attachment site (16). This raises the possibility
that the narrow crest observed in the midshaft diaphysis of fifth
metacarpals may also not be associated with a muscle and/or its
contraction. For the above reasons, this feature could not be
possibly included in our comparative morphological analysis.

Experimental design: 3D scanning and raw measurements
The hand bones of the reference sample were 3D-scanned using a
Breuckmann SmartSCAN structured light scanner (Breuckmann
Inc.) with 125 fields of view, which provides a measurement accuracy
of 9 um, as described by Karakostis et al. (21, 22). Full triangulation
was selected, and each bone was scanned from 20 different angles
along an arc of 360°. These were aligned and merged into one 3D
model, which was imported into the software package “MeshLab
version 1.3.3” (CNR Inc.) for defining and measuring the entheseal
surfaces. The digital method for delineating the exact borders of
entheses is described in detail elsewhere (21). In this procedure, the
main criteria used for identifying the limits of entheseal areas on the
bone surfaces were elevation, surface complexity, and coloration
(when available). Finally, the separated entheseal surface was quan-
tified in square millimeters. As demonstrated in previous research
(21), this method for delineating and measuring entheseal 3D areas
is precise, presenting nonsignificant intra- and interobserver error
(maximum mean error was 0.60%).

Most fossil specimens were scanned and measured in the same
manner, using high-resolution structured light scanners with a
measurement accuracy of 9 pm. However, some fossil models could
only be developed using other scanning methods. In particular, the
hand bones of three specimens (Tabun, Shanidar 3, and Shanidar 4)
were scanned using 3D laser scanning (with an accuracy of approx-
imately 125 um), while microcomputed tomography (with an accu-
racy of approximately 50 pm) was used for scanning the hand bones
of Nazlet Khater 2 (see Acknowledgments). To evaluate whether
including the latter two scanning methods produced intermethod
measurement error, an intraobserver intermethod repeatability
analysis was performed 2 months after the initial measurement of
the data. The tests were performed on two randomly selected entheses
(opponens pollicis and abductor digiti minimi/flexor digiti minimi)
of eight randomly selected individuals for the structured light
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scanner versus laser scanner comparison and a further eight ran-
domly selected individuals for the structured light scanner versus
computer tomography comparison. Subsequently, intermethod
error was statistically tested using paired ¢ tests, which found no
significant difference (P > 0.05) across the three scanning tech-
niques. In particular, the P values ranged between 0.19 and 0.27.

Statistical analysis

All variables used in this study were size-adjusted to control for the
potential effects of overall size on the multivariate relationships
among hand entheses. Including the effects of size in our analyses
would not provide new information, given that it is an already
known fact that most Neandertal hand entheses are typically larger
than those of modern humans (7). The size-adjusted variables were
computed by dividing each entheseal 3D measurement (in square
millimeters) by the geometric mean of all entheseal measurements
for the same individual (17). Overall, two statistical methods were
applied for identifying multivariate entheseal patterns in the
sample, involving PCA and DFA. The statistical analyses of this
study were performed using the IBM SPSS software package (IBM
Inc., version 24 for Windows).

Initially, a series of PCAs were performed using the nine size-
adjusted surface measurements of entheses as variables, without any
a priori group categorization in the sample. Given that some of the
size-adjusted variables presented different scales, a correlation
matrix was preferred. A total of four PCAs were carried out in this
study. For all analyses, the statistical assumptions for PCA were met,
including the absence of multivariate outliers, factorability, sample
size, and linearity (51). The first two analyses were performed on
entheses from the same anatomical side (either left or right) of each
specimen in the data set, the third PCA was applied on a mixed-
sides data set, and the fourth PCA was based on three entheses (for
maximizing sample size). Following standard methodological
practice (51), the interpretations of this study relied mainly on
factor loadings of 0.30 or above (table S3).

In the first two PCAs (figs. S1 to S3), the side used in both
analyses for the fossil specimens was the one preserving the most
hand entheses (either the left or the right ones). This assessment
was rather straightforward, given that the hand bone entheses of
most fossil specimens were much better preserved in only one of
their two anatomical sides (the left or the right). For the reference
sample, the right hand bones were used in the first PCA (figs. S1
and S2), and the left ones were used in the second PCA (fig. S3). The
purpose of repeating this process for each side was to investigate
whether the anatomical side of the reference material affects the
multivariate patterns of the fossil specimens. In addition, for the
purpose of increasing the sample size for the fossil sample, one
enthesis (adductor pollicis) was omitted in the first PCA (right
anatomical side of the reference sample). The second PCA included
20 individuals of the reference sample whose left hand bones were
adequately preserved. To maintain this sample size for the reference
sample, two entheses had to be removed (adductor pollicis and flexor
pollicis longus) from this analysis. Therefore, the first two PCAs of
this study (figs. S1 to S3) were based on different anatomical sides as
well as different numbers of entheses used. Nevertheless, their main
results were in agreement with those of the mixed-sides analysis,
which was based on more fossil individuals and all nine entheses.

Because of the incompleteness of the fossil record, directly com-
paring hand entheseal patterns between each specimen’s left and
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right side, and therefore assessing asymmetry possibly resulting from
handedness, was not possible. However, both left and right hand
entheses of the documented individuals of the comparative sample
provided very similar results (figs. SI to S3), indicating that the
general nature of manual behavior (sustained high grip force or
precision grasping) did not substantially differ between the two
sides of each recent modern human individual. Furthermore, even
though our fossil samples were small, both the left and the right hand
bone sets of different Neandertal individuals showed a very similar
entheseal pattern (Fig. 2 and figs. S1 to S3). This was also the case for
the second PCA (on three thumb entheses of the same anatomical
side) involving three left (La Ferrassie 1, Shanidar 4, and Tabun) and
three right (Kebara 2, La Ferrassie 2, and Shanidar 3) Neandertal
specimens (Fig. 2). Concerning early modern humans, individual
hand bone sets from the same anatomical side presented different
entheseal patterns (Fig. 2 and figs. S1 to S3). In the PCA on three
entheses from the same anatomical side (Fig. 2), three early modern
human specimens were represented by their right side (Abri Pataud
1, Dolni Vestonice 14, and Qafzeh 9) and another three individuals
by their left side (Arene Candide 2, Nazlet Khater 2, and Ohalo 2).
We therefore consider that handedness likely has no major influence
on the entheseal patterns described in our analysis.

To increase the number of complete fossil individuals in the
sample, the third PCA combined the left and right hand bones in
each fossil specimen using the right anatomical side of the reference
sample (that is, the best preserved). This allowed for all nine enthe-
seal measurements to be represented in the analysis. The main re-
sults of this mixed-sides analysis (Fig. 1A) were in agreement with
the observations of the PCAs on hand bone sets from the same
anatomical side (Fig. 2 and figs. S1 to S3). In particular, in all four
analyses, the Neandertal group presented consistent entheseal pat-
terns on PC1, overlapping exclusively with documented long-term
precision workers. The early modern human individuals also
showed similar patterns in all PCAs performed. Furthermore, despite
some entheses being omitted in the first analyses, the factor loading
patterns of PC2 and PC3 (table S3) involved the same entheses
between the first PCA (right side of the reference sample) and the
third PCA (mixed-sides PCA). In the second PCA (left side of the
reference sample), PC2 differed from the other two PCAs because
the important enthesis of flexor pollicis longus could not be included
(because of incompleteness of the left anatomical side in the refer-
ence specimens). Nevertheless, in this PCA, the factor loading pat-
tern of PC2 (table S3) was relatively similar to the one of PC3 from
the other two PCAs (right side analysis and mixed-sides analysis)
(table S3). On the basis of this overall consistency among the three
PCAs, the main text of this study focused on the results of the
mixed-sides analysis (Fig. 1), as this provides the best possible
balance between sample size and number of variables.

The fourth PCA was based on three entheses (corresponding to
four muscles) from a single hand bone (either the left or the right
thumb proximal phalanx), for the purpose of maximizing the size of
the fossil sample. These were the common insertion point of abductor
pollicis and flexor pollicis brevis, the attachment area of adductor
pollicis, and the enthesis of extensor pollicis brevis (Fig. 2).

A total of two DFAs were performed using only the specimens
from the documented reference collection, whose long-term occu-
pational activities were thoroughly recorded (22, 46-48). For these
group-based analyses, the individuals of the reference sample were
classified on the basis of the categorization proposed for this sample
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by Karakostis et al. (22). Following that publication, individuals
were grouped on the basis of the systematic performance of either
power or precision grasping throughout their active working life.
This categorization relies on the extensive archived documentation
for these individuals’ life histories, which include different long-term
occupations, exact job position, potential access to mechanical
equipment (which is associated with specific power or precision
grasping patterns), duration of each work in life, official medical
profile, and socioeconomic characteristics (22, 46-48). In the first
analysis, the first three PCs of the mixed-sides data set (nine entheses)
were used as independent variables (representing the 64% of total
sample variance). In the second analysis, the first component (PC1)
of the three entheses data set was used as independent variable
(representing the 72% of total sample variance). In both procedures,
the number of PCs included in the DFA was based on the scree plot
technique (51).

In both analyses, all assumptions of DFA were met (51). Given
that the Box’s M was high (P > 0.05), the within-groups covariance
matrix was used for developing the discriminant functions (51). For
each of the two functions, the unstandardized coefficients, the con-
stant, and the group centroids were computed (table S4). For the
calculation of each reference specimen’s discriminant score, the un-
standardized coefficients and the constant were used. Then, the
accuracy rate of the function was estimated for both the original
sample and the cross-validated one (following a “leave-one-out
classification” process) based on the individuals’ discriminant scores
and the sectioning point between the two group centroids (51).
Subsequently, the developed discriminant functions (table S4) were
used to calculate the predicted occupational group for each fossil
specimen as well as the respective posterior probability for this
assessment (Table 2).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaat2369/DC1

Fig. S1. PCA using eight entheses from the same anatomical side of each fossil, either left (L) or
right (R), and the right side of the reference specimens, PC1 versus PC2.

Fig. S2. PCA using eight entheses from the same anatomical side of each fossil, either left (L) or
right (R), and the right side of the reference specimens, PC2 versus PC3.

Fig. S3. PCA using seven entheses from the same anatomical side of each fossil and the left
side of the reference specimens, PC1 versus PC2.

Table S1. Individual hand bone sets comprising the fossil samples.

Table S2. Descriptive statistics for the size-adjusted entheseal surface area measurements of
the fossil specimens.

Table S3. Eigenvalues and factor loadings of the four PCAs on size-adjusted entheseal surface
measurements.

Table S4. Statistics of the two discriminant function analyses.

References (56-63)

REFERENCES AND NOTES

1. W.A. Niewoehner, Behavioral inferences from the Skhul/Qafzeh early modern human
hand remains. Proc. Natl. Acad. Sci. U.S.A. 98, 2979-2984 (2001).

2. S.E. Churchill, Hand morphology, manipulation, and tool use in Neandertals and early
modern humans of the Near East. Proc. Natl. Acad. Sci. U.S.A. 98, 2953-2955 (2001).

3. W.A.Niewoehner, A. Bergstrom, D. Eichele, M. Zuroff, J. T. Clark, Digital analysis: Manual
dexterity in Neanderthals. Nature 422, 395 (2003).

4. J. Maki, E. Trinkaus, Opponens pollicis mechanical effectiveness in Neandertals and early
modern humans. Paleoanthropol. 2011, 62-71 (2011).

5. M. W. Marzke, Tool making, hand morphology and fossil hominins. Philos. Trans. R. Soc.
London B Biol. Sci. 368, 20120414 (2013).

6. T.L.Kivell, Evidence in hand: Recent discoveries and the early evolution of human
manual manipulation. Philos. Trans. R. Soc. London B Biol. Sci. 370, 20150105 (2015).

7. W.A.Niewoehner, in Neanderthals Revisited: New Approaches and Perspectives, K. Harvati,
T. Harrison, Eds. (Springer, 2008), pp. 157-190.

90of 11


http://advances.sciencemag.org/cgi/content/full/4/9/eaat2369/DC1
http://advances.sciencemag.org/cgi/content/full/4/9/eaat2369/DC1

SCIENCE ADVANCES | RESEARCH ARTICLE

8.

16.
17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

T. Feix, T. L. Kivell, E. Pouydebat, A. M. Dollar, Estimating thumb-index finger precision
grip and manipulation potential in extant and fossil primates. J. R. Soc. Interface 12,
20150176 (2015).

. S.McBrearty, A. S. Brooks, The revolution that wasn’t: A new interpretation of the origin

of modern human behavior. J. Hum. Evol. 39, 453-563 (2000).

. P.Villa, W. Roebroeks, Neandertal demise: An archaeological analysis of the modern

human superiority complex. PLOS ONE 9, €96424 (2014).

. B.Hardy, M.-H. Moncel, C. Daujeard, P. Fernandes, P. Béarez, E. Desclaux, M. G. C. Navarro,

S.Puaud, R. Gallotti, Impossible Neanderthals? Making string, throwing projectiles and
catching small game during marine isotope stage 4 (Abri du Maras, France).
Quat. Sci. Rev. 82, 23-40 (2013).

. M. Soressi, S. P. McPherron, M. Lenoir, T. Dogandzi¢, P. Goldberg, Z. Jacobs, Y. Maigrot,

N. L. Martisius, C. E. Miller, W. Rendu, M. Richards, M. M. Skinner, T. E. Steele, S. Talamo,
J.-P. Texier, Neandertals made the first specialized bone tools in Europe.
Proc. Natl. Acad. Sci. U.S.A. 110, 14186-14190 (2013).

. H.L.Dibble, S. P. McPherron, The missing Mousterian. Curr. Anthropol. 47,777-803

(2006).

. S. Ambrose, Paleolithic technology and human evolution. Science 291, 1748-1753

(2001).

. M. C.Stiner, S. L. Kuhn, in The Evolution of Hominin Diets: Integrating Approaches to the

Study of Palaeolithic Subsistence, J.-J. Hublin, M. P. Richards, Eds. (Springer, 2009), pp.
157-169.

S. Standring, Gray’s Anatomy (Elsevier, London, United Kingdom, 2008).

B. G. Richmond, N. T. Roach, K. R. Ostrofsky, in The Evolution of the Primate Hand, T. L.
Kivell, P. Lemelin, B. G. Richmond, D. Schmitt, Eds. (Springer, 2016), pp. 515-543.

. A.C.Deymier-Black, J. D. Pasteris, G. M. Genin, S. Thomopoulos, Allometry of the tendon

enthesis: Mechanisms of load transfer between tendon and bone. J. Biomech. Eng. 137,
111005 (2015).

. E. Weis, Understanding muscle markers: Aggregation and construct validity.

Am. J. Phys. Anthropol. 121, 230-240 (2003).

M. Milella, F. A. Cardoso, S. Assis, G. P. Lopreno, N. Speith, Exploring the relationship
between entheseal changes and physical activity: A multivariate study.

Am. J. Phys. Anthropol. 156, 215-223 (2015).

F. A. Karakostis, C. Lorenzo, Morphometric patterns among the 3D surface areas of
human hand entheses. Am. J. Phys. Anthropol. 160, 694-707 (2016).

F. A. Karakostis, G. Hotz, H. Scherf, J. Wahl, K. Harvati, Occupational manual activity is
reflected on the patterns among hand entheses. Am. J. Phys. Anthropol. 164, 30-40
(2017).

0. M. Pearson, R. M. Cordero, A. M. Busby, in Neanderthals Revisited: New Approaches and
Perspectives, K. Harvati, T. Harrison, Eds. (Springer, 2006), pp. 135-156.

C. A. Wilczak, V. Mariotti, D. Pany-Kucera, S. Villotte, C. Y. Henderson, Training and
interobserver reliability in qualitative scoring of skeletal samples. J. Archaeol. Sci. Rep.
11,69-79 (2017).

A. Zumwalt, The effect of endurance exercise on the morphology of muscle attachment
sites. J. Exper. Biol. 209, 444-454 (2006).

K. N.Rabey, D. J. Green, A. B. Taylor, D. R. Begun, B. G. Richmond, S. C. McFarlin,
Locomotor activity influences muscle architecture and bone growth but not muscle
attachment site morphology. J. Hum. Evol. 78, 91-102 (2015).

E. M. Williams-Hatala, K. G. Hatala, S. Hiles, K. N. Rabey, Morphology of muscle attachment
sites in the modern human hand does not reflect muscle architecture. Sci. Rep. 6,
28353-28310(2016).

1. J. Wallace, J. M. Winchester, A. Su, D. M. Boyer, N. Konow, Physical activity alters
limb bone structure but not entheseal morphology. J. Hum. Evol. 107, 14-18

(2017).

L. Maimoun, C. Sultan, Effects of physical activity on bone remodeling. Metabolism 60,
373-388(2011).

M. Milella, M. Giovanna Belcastro, C. P. Zollikofer, V. Mariotti, The effects of age, sex, and
physical activity on entheseal morphology in a contemporary Italian skeletal collection.
Am. J. Phys. Anthropol. 148, 379-388 (2012).

F. Alves Cardoso, C. Y. Henderson, The categorisation of occupation in identified skeletal
collections: A source of bias?. Int. J. Osteoarchaeol. 23, 186-196 (2012).

J.R. Napier, The prehensile movements of the human hand. J. Bone Joint Surg. 38-B,
902-913 (1957).

J. M. Key, S. J. Lycett, Investigating interrelationships between Lower Paleolithic
stone tool effectiveness and tool user biometric variation: Implications for
technological and evolutionary changes. Archeol. Anthropol. Sci. 10, 989-1006
(2016).

A.J. M. Key, S. Merritt, T. L. Kivell, Getting a grip in the Lower Paleolithic: An empirical
analysis of grip diversity and frequencies of employment during stone-tool use.

Proc. Europ. Soc. Hum. Evol. 6, 102 (2017).

I. Crevecoeur, in Modern Origins: A North African Perspective, Vertebrate Paleobiology abd
Paleoanthropology, J.-J. Hublin, S. McPherron, Eds. (Springer, 2012), pp. 205-219.

Karakostis et al., Sci. Adv. 2018; 4 : eaat2369 26 September 2018

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

I. Hershkovitz, M. S. Speirs, D. Frayer, D. Nadel, S. Wish-Baratz, B. Arensburg,

Ohalo Il H2: A 19,000-year-old skeleton from a water-logged site at the Sea of Galilee.
Israel. Am. J. Phys. Anthropol. 96, 215-234 (1995).

J. Svoboda, in Early Modern Human Evolution in Central Europe: The People of Dolni
Vestonice and Pavlov (Human Evolution Series), E. Trinkaus, J. Svoboda, Eds.

(Oxford Univ. Press, 2006), pp. 9-14.

V. Formicola, P. B. Pettitt, R. Maggi, R. Hedges, Tempo and mode of formation of the Late
Epigravettian necropolis of Arene Candide cave (ltaly): A direct radiocarbon evidence.

J. Archeol. Sci. 31, 1598-1602 (2005).

0. M. Pearson, V. S. Sparacello, in Human Paleontology and Prehistory, A. Marom,

E. Hovers, Eds. (Springer, 2017), pp. 175-186.

C.Rolian, D. Lieberman, J. P. Zermeno, Hand biomechanics during simulated stone tool
use. J. Hum. Evol. 61, 26-41 (2011).

K. L.Bennell, S. A. Malcolm, K. M. Khan, S. A. Thomas, S. J. Reid, P. D. Brukner, P. R. Ebeling,
J. D. Wark, Bone mass and bone turnover in power athletes, endurance athletes, and
controls: A 12-month longitudinal study. Bone 20, 477-484 (1997).

K. M. Palombaro, Effects of walking-only interventions on bone mineral density at various
skeletal sites: A meta-analysis. J. Geriatr. Phys. Ther. 28, 102-107 (2005).

J. Brummit, T. Cuddeford, Current concepts of muscle and tendon adaptation to strength
and conditioning. Int. J. Sports Phys. Ther. 10, 748-759 (2015).

. M. Benjamin, H. Toumi, D. Suzuki, K. Hayashi, D. McGonagle, Evidence for a distinctive

pattern of bone formation in enthesophytes. Ann. Rheum. Dis. 68, 1003-1010 (2009).
J.T. Stock, C. N. Shaw, Which measures of diaphyseal robusticity are robust?

A comparison of external methods of quantifying the strength of long bone diaphyses to
cross-sectional geometric properties. Am. J. Phys. Anthropol. 134, 412-423 (2007).

G. Hotz, M. Zulauf, V. Fiebig-Ebneter, Der Spitalfriedhof und das Burgerspital zu Basel.
Anthropologie und Geschichtswissenschaften am Beispiel des Spitalfriedhofes.
Jahresber. Archdol. Bodenforsc. Kantons Basel-Stadt 2015, 121-131 (2016).

G. Hotz, H. Steinke, Knochen, Skelette, Krankengeschichten. Spitalfriedhof und
Spitalarchic - zwei sich erganzende Quellen. Basl. Z. Gesch. Altertumskd. 112, 105-138
(2012).

M. Pavel, M. Kumpf, Krank und Arm? Die Krankenakten des Burgerspitals als Spiegel der
Zeit. Sozio-6konomische und epidemiologische Analysen aufgrund von 19.000
Patientendaten (1843-1868) des Biirgerspitals Basel. Basl. Z. Gesch. Altertumskd. 117,
144-157 (2017).

C.Y.Henderson, V. Mariotti, F. Santos, S. Villotte, C. A. Wilczak, The new Coimbra method
for recording entheseal changes and the effect of age-at-death.

Bull. Mém. Soc. Anthropol. Paris 29, 140-149 (2017).

R. Wadington, Rapport de la chamber des deputes sur le travail des enfants, des filles
mineures et des femmes dans les établissements industriels (Motteroz, Paris, France, 1890).
A. Field, Discovering statistics using SPSS (SAGE, 2013).

E.J. Huesler, M. A. Maier, M. C. Hepp-Reymond, EMG activation patterns during force
production in precision grip. lll. Synchronisation of single motor units. Exp. Brain Res. 134,
441-455 (2000).

M. W. Marzke, N. Toth, K. Schick, S. Reece, B. Steinberg, K. Hunt, R. L. Linscheid, K.-N. An,
EMG study of hand muscle recruitment during hard hammer percussion manufacture of
Oldowan tools. Am. J. Phys. Anthropol. 105, 315-332 (1998).

C.Long, P. W. Conrad, E. A. Hall, S. L. Furler, Intrinsic-extrinsic muscle control of the hand
in power and precision handling. J. Bone Joint Surg. Am. 52, 853-867 (1970).

H. M. Clarkson, Musculoskeletal Assessment: Joint Range of Motion and Manual Muscle
Strength (Lippincott Williams & Wilkins, 2000).

B. Vandermeersch, in Le Squelette Moustérien de Kebara 2, O. Bar Yosef, B. Vandermeersch,
Eds. (CNRS, 1991), pp. 157-178.

G. Guerin, M. Frouin, S. Talamo, V. Aldeias, L. Bruxelles, L. Chiotti, H. L. Dibble, P. Goldberg,
J.-J.Hublin, M. Jain, C. Lahaye, S. Madelaine, B. Maureille, S. J. P. McPherron, N. Mercier,
A.S. Murray, D. Sandgathe, T. E. Steele, K. J. Thomsen, A. Turg, A multi-method
luminescence dating of the Paleolithic sequence of La Ferrassie based on new
excavations adjacent to the La Ferrassie 1 and 2 skeleton. J. Archaeol. Sci. 58, 147-166
(2015).

E. Trinkaus, The Shanidar Neanderthals (Academic Press, 1983).

R. Griin, C. Stringer, Tabun revisited: Revised ESR chronology and new ESR and U-series
analyses of dental material from Tabun C1. J. Hum. Evol. 39, 601-612 (2000).

S. Villotte, L. Chiotti, R. Nespoulet, D. Henry-Gambier, Etude anthropologique des
vestiges humains récemment découverts issus de la couche 2 de | abri Pataud

(Les Eyzies-de-Tayac-Sireuil, Dordogne, France). Bull. Mém. Soc. Anthropol. Paris 27,
158-188 (2015).

E. Trinkaus, J. Svoboda, D. L. West, V. Sladek, S. W. Hilsson, E. Drozdova, M. Fisakova,
Human remains from the Moravian Gravettian: Morphology and taphonomy of isolated
elements from the Dolni V&stonice Il site. J. Archaeol. Sci. 27, 1115-1132 (2000).

D. Nadel, I. Carmi, D. Segal, Radiocarbon dating of Ohalo II: Archaeological and
methodological implications. J. Archaeol. Sci. 22, 811-822 (1995).

B.Vandermeersch, Les Hommes Fossiles de Qafzeh (Israel) (CNRS, 1981).

100f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

Acknowledgments: We are grateful to the following institutions and researchers for
providing us with access to fossil specimens and/or 3D data: Tel Aviv University

(I. Hershkovitz), National Museum of Natural History in Paris (D. Grimaud-Hervé, F. Detroit, and
M. Friess), Italian Ministry of Cultural Heritage and Activities (as well as the Museo
Archeologico Del Finale and V. Sparacello for collecting data from the specimens of Arene
Candide), Natural History Museum in London (C. Stringer, R. Kruszynski, and J. Galway-Witham
for collecting data from the specimen Tabun), Museum of Natural Sciences in Brussels

(P. Semal), Dolni Vestonice Museum (J. Svoboda), Smithsonian’s Division of Mammals

(K. Helgen), and Human Origins Program (M. Tocheri). Furthermore, the hand bones of Nazlet
Khater 2 were scanned thanks to the Agence Nationale de la Recherche (ANR) project “Big Dry”
(ANR-14-CE31). We thank the coordinator F. Bon and the partners I. Crevecoeur, D. Pleurdeau,
J. Lesur, and C. Tribolo for granting us access to the numerized material of Nazlet Khater 2.
Many thanks should also be given to the volunteers of the “Citizen Science Project Basel
Spitalfriedhof” (University of Basel) for their essential work on the detailed documentation of
the modern reference collection used in this research. We would also like to thank N. Conard
for providing access to the 3D scanning equipment, which was made available via a Deutsche
Forschungsgemeinschaft (DFG) grant (CO226/20-1). Finally, special thanks should be given to
E. Le Quéré for her fundamental technical advice and support in preparing the figures of this

Karakostis et al., Sci. Adv. 2018; 4 : eaat2369 26 September 2018

manuscript. Funding: For this research project, F.AK. received funding from the German
Academic Exchange Service (91584619) and the A. G. Leventis Foundation (12386). K.H. and
V.T. were supported by the German Research Foundation (DFG FOR 2237) and the European
Research Council (ERC CoG 724703). Author contributions: Conceptualization: F.AK. and K.H.
Methodology: F.AK. Investigation: F.A.K. Writing (original draft): F.A.K. Writing (review and
editing): KH., V.T., and G.H. Funding acquisition: K.H. and F.A.K. Resources: KH. and G.H.
Supervision: K.H. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. Additional data related to
this paper may be requested from the authors.

Submitted 6 February 2018
Accepted 10 August 2018
Published 26 September 2018
10.1126/sciadv.aat2369

Citation: F. A. Karakostis, G. Hotz, V. Tourloukis, K. Harvati, Evidence for precision grasping in
Neandertal daily activities. Sci. Adv. 4, eaat2369 (2018).

110f 11



