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Increased sedentism during the Holocene has been proposed as
a major cause of decreased skeletal robusticity (bone strength
relative to body size) in modern humans. When and why declining
mobility occurred has profound implications for reconstructing
past population history and health, but it has proven difficult to
characterize archaeologically. In this study we evaluate temporal
trends in relative strength of the upper and lower limb bones in a
sample of 1,842 individuals from across Europe extending from the
Upper Paleolithic [11,000–33,000 calibrated years (Cal y) B.P.] through
the 20th century. A large decline in anteroposterior bending strength
of the femur and tibia occurs beginning in the Neolithic (∼4,000–
7,000 Cal y B.P.) and continues through the Iron/Roman period
(∼2,000 Cal y B.P.), with no subsequent directional change. De-
clines in mediolateral bending strength of the lower limb bones
and strength of the humerus are much smaller and less consistent.
Together these results strongly implicate declining mobility as
the specific behavioral factor underlying these changes. Mobility
levels first declined at the onset of food production, but the tran-
sition to a more sedentary lifestyle was gradual, extending
through later agricultural intensification. This finding only par-
tially supports models that tie increased sedentism to a relatively
abrupt Neolithic Demographic Transition in Europe. The lack of
subsequent change in relative bone strength indicates that in-
creasing mechanization and urbanization had only relatively small
effects on skeletal robusticity, suggesting that moderate changes
in activity level are not sufficient stimuli for bone deposition
or resorption.
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Declining mobility levels since the Terminal Pleistocene
contributed to fundamental changes in demography, health

and disease, and social organization among many human pop-
ulations (1–6). The Neolithic Demographic Transition, charac-
terized by increased fertility, population size, and density, may be
partially attributable to decreased energy expenditure associated
with greater sedentism (2, 7). Paradoxically, in many cases in-
creased sedentism also may have led to declines in overall health
and increased morbidity within populations by facilitating
transmission of infectious diseases and through other negative
consequences of more dense settlements (3, 4, 6). Reductions in
mechanical loading of the skeleton associated with a more sed-
entary lifestyle may have contributed to the etiology of modern
skeletal disorders such as osteoporosis (8–10). Declines in mo-
bility also had significant effects on sociopolitical organization,
including sexual division of labor, social hierarchy, and territo-
riality (1, 11, 12). However, despite its broad evolutionary sig-
nificance, the timing and patterning of declining mobility during
the Holocene and its relationship to changing subsistence econo-
mies has proven difficult to characterize from material archaeo-
logical remains (1, 5, 7, 13, 14), leaving many unanswered questions.
For example, were declines in mobility relatively abrupt at the onset
of food production in the Early Neolithic, as suggested by some

demographic studies (15), or did they begin earlier, during the
Mesolithic (5, 16)? Did mobility continue to decrease after the
Neolithic in response to intensification of agriculture and other
factors? Is there evidence for continuing declines in mobility to the
present time, with recent industrialization and mechanization?
An alternative approach to addressing such issues is to assess

directly the evidence preserved in human skeletal remains (17).
Although skeletal morphology is determined by a complex in-
terplay between various genetic and environmental factors (18,
19), there is abundant evidence that mechanical loading during
life has a strong influence on skeletal structure (20–23). Earlier
studies identified declines in skeletal robusticity (strength rela-
tive to body size) in Homo throughout the Pleistocene (24, 25),
but recent analyses suggest that the major decrease in robusticity
occurred later, at the end of the Pleistocene, between early an-
atomically modern H. sapiens and Holocene populations (26,
27). This suggestion in turn strongly implicates increased sed-
entism as a major driver in producing the more gracile modern
human skeleton (10, 25, 26) and focuses attention on the Ho-
locene as the critical period during which this transformation
took place. However, the timing and pace of this change relative
to major subsistence and lifestyle transitions cannot be de-
termined from these studies, given their sparse sampling of ter-
minal Pleistocene and Holocene populations.
Here we use a sample of 1,842 individuals distributed across

Europe to investigate changes in skeletal robusticity and mobility
from the Upper Paleolithic [11,000–33,000 calibrated years (Cal y)
B.P.] through the 20th century (Fig. 1, Table 1, and Dataset S1).

Significance

Declining mobility levels following the Pleistocene had pro-
found effects on human demography, social organization, and
health, but the exact timing and pace of this critical change are
unknown. Here we examine direct evidence for changing mo-
bility levels from limb bone structural characteristics in a large
sample of European skeletons spanning the past 30,000 y. Our
results show that mobility first declined during the Neolithic, at
the onset of food production, but that the decline was gradual,
continuing for several thousand years as agriculture intensified.
No change in relative limb strength occurred during the past
2,000 y. Thus, the more gracile modern human skeleton is a re-
sult of increased sedentism tied to food production, not sub-
sequent mechanization and industrialization.
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Europe is an appropriate region to carry out such an analysis
because of the abundance of well-provenienced skeletal remains
and rich archaeological context (28) over the time range of in-
terest. The structural characteristics evaluated here are ante-
roposterior (A–P) and mediolateral (M–L) section moduli of the
midshaft regions of long bones, which are measures of A–P and
M–L bending strength (29). It is known that long bone diaphyseal
cortices react to imposed mechanical loadings throughout life,
changing their cross-sectional geometry to adapt to altered strain
magnitudes and distributions, which in turn are dependent on
behavioral use of the limbs (20–22, 30, 31). For example, vigorous
exercise in humans greatly increases bending strains in the tibia
(32, 33) and is associated with preferential strengthening in the
direction of movement, i.e., running and jumping lead to increases
in A–P/M–L strength (30, 34, 35). Increased A–P/M–L bending
strength of the lower limb bones also characterizes more terres-
trially mobile populations or subpopulations (36–38). Following
this rationale, several previous studies have examined temporal
trends in lower limb bone cross-sectional shape, as a proxy for
mobility, within Late Pleistocene or Holocene archaeological
samples, generally demonstrating declines in A–P/M–L (or maxi-
mum/minimum) rigidity or strength (39–42). However, all these
studies were limited to particular regions (42), temporal ranges
[e.g., Pleistocene through early Holocene (39) or post-Pleistocene
(42)], and/or very limited population sampling within the Holo-
cene (40, 41). In addition, none directly compared temporal
changes in upper and lower limb bone strength. In this study we
examine temporal changes in relative strength of the femur, tibia,
and right humerus. Inclusion of the upper limb provides an im-
portant control over possible general systemic (e.g., dietary,
general activity level) effects on skeletal structure.
We use this large study sample to test the following hypoth-

eses: (i) Changes in skeletal robusticity throughout the Holocene
were more marked in the lower limb than in the upper limb,
because of the specific effects of mobility on mechanical loading
of the lower limb. (ii) Skeletal evidence for declining mobility in
the Holocene begins before the Neolithic, in conjunction with
subsistence changes associated with the Mesolithic Broad Spec-
trum Revolution. (iii) The major decline in mobility in the Ho-
locene occurred during the Neolithic, at the initiation of food
production. (iv) Declines in mobility during the European

Holocene were gradual, extending from early food production in
the Neolithic through intensification of food production in the
Bronze and Iron Ages. (v) Mobility levels continued to decline
through the later Holocene with increasing mechanization and
industrialization in Europe.

Results
Differences in relative bone strengths between temporal periods
are shown graphically in Fig. 2 (also see Table S1). The femur
and tibia both show consistent declines in relative A–P bending
strength of 20–30% between the Upper Paleolithic and Iron/
Roman periods, in both sexes (Fig. 2 A and B). Relative M–L
strength of the femur shows no consistent change over the same
temporal span, with a 2% decline in females and a 3% increase
in males (Fig. 2D). The decline in relative tibial M–L strength
through the first five temporal periods is modest in males (12%)
and greater in females (27%) (Fig. 2E). There is no consistent
change in relative A–P or M–L strength of either bone from the
Iron/Roman period through very recent samples (≤10% for all
properties). Temporal changes in relative humeral strength are
modest in both sexes, with a 10–15% decline in humeral A–P
strength between the Upper Paleolithic and Iron/Roman periods
(Fig. 2C) and smaller (<10%) changes in M–L strength over this
time span (Fig. 2F) and in the strength in either plane after the
Iron/Roman period.
These observations are supported by pairwise comparisons

between temporal periods (Fig. 3). The most consistently sig-
nificant differences, in both sexes, are in femoral and tibial rel-
ative A–P strength between the three earliest periods (Upper
Paleolithic, Mesolithic, and Neolithic) and the five latest periods
(Bronze, Iron/Roman, Early and Late Medieval, early modern,
and very recent) (Fig. 3 A and B). Small sample sizes and greater
within-period variance in the female Upper Paleolithic sample
(Fig. 2 and Table S1) led to nonsignificant Games–Howell test
results for most comparisons involving this group. However, if
the Upper Paleolithic and Mesolithic groups are combined to
increase sample sizes, virtually all Upper Paleolithic/Mesolithic
tibial and femoral A–P strength comparisons with later periods
are significant using Games–Howell tests in both males and fe-
males (Fig. S1). Intertemporal period differences in femoral and
tibial M–L strength are less consistent (Fig. 3 D and E and Fig.
S1). Humeral relative strengths show only a few, sparsely dis-
tributed significant differences between temporal periods (Fig. 3 C
and F and Fig. S1). Differences between the Upper Paleolithic and
Mesolithic periods are nonsignificant for any property.
Regressions of bone structural properties on log(date) dem-

onstrate the same general temporal trends (Fig. 4 and Table S2).
There are large, highly significant (P < 0.0001) declines in rel-
ative A–P strength of the femur and tibia between the Upper
Paleolithic and Iron/Roman periods, with no significant decline
thereafter (Fig. 4 A and B). Relative M–L strength of the femur
shows no significant decline either before or after the Iron/
Roman period (Fig. 4A). Relative M–L strength of the tibia
shows a significant decline between the Upper Paleolithic and

Fig. 1. Location of study sites, by temporal period (see Table 1). For individual
listing of sites, see Dataset S1.

Table 1. Study sample sizes by temporal period

Period Date range, Cal y Males, n Females, n

Very recent ≥1900 AD 96 58
Early Modern 1500–1850 AD 87 56
Late Medieval 1000–1450 AD 211 185
Early Medieval 600–950 AD 159 122
Iron/Roman 2,250–1,650 B.P. 147 137
Bronze 4,350–2,950 B.P. 120 93
Neolithic 7,300–4,000 B.P. 170 111
Mesolithic 10,500–5900 B.P. 39 16
Upper Paleolithic 33,000–11,000 B.P. 23 12

Total 1,052 790
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Iron/Roman periods, but the magnitude of this decline is about
half that of the decline in A–P strength (Fig. 4B). Relative A–P
and M–L strengths of the humerus show significant but much
smaller declines between the Upper Paleolithic and Iron/Roman
periods and very little change thereafter (Fig. 4C).

Discussion
Our results support hypotheses i and iv but not ii, iii, or v. We
demonstrate a large decline in lower limb bone A–P strength relative
to body size beginning in the Neolithic (∼4,000–7,000 Cal y B.P.) and
continuing through the Iron/Roman period (∼2,000 Cal y B.P.).
Dietary or other systemic influences are unlikely to explain this
trend. First, such systemic factors should affect the entire ap-
pendicular skeleton, i.e., the upper limbs as well as the lower
limbs. However, temporal changes in the humerus over this time
range were much smaller and less consistent. It also is difficult to
envision how general systemic factors would preferentially affect
bone deposition in specific anatomical planes, as we found here
for the femur and tibia. Changes in bone shape of this kind strongly
imply localized modeling/remodeling resulting from specific me-
chanical stimuli (20). Despite some partially contrary evidence in
cursorial animals (43), which may be under special constraints
(20), a number of both experimental and observational studies of
humans support the association between preferential strength-
ening of the lower limb bones in the A–P plane and greater
mobility (30, 34–38). Thus, our results imply a major reduction in
mobility in both sexes beginning in the Neolithic.
In addition to behavioral differences, another factor that po-

tentially could influence these results is systematic temporal
variation in body shape. Linear body proportions, which are
known to vary among both Late Pleistocene and Holocene
humans (44), do not appear to affect the cross-sectional shape
of the lower limb bone significantly (45). However, relative
body breadth (pelvic breadth/stature) does affect cross-sectional

diaphyseal shape, particularly of the femur (45–47), by altering
mechanical loadings in the M–L relative to A–P planes (48).
There is significant variation in pelvic breadth/stature among our
temporal samples (males, F = 3.07, P = 0.002; females, F = 2.53,
P = 0.01), although temporal period means, within sex, vary by
less than 5%, and only a very few (5 of 72) pairwise comparisons
between periods are significant. Controlling for pelvic breadth/
stature has very little effect on regression slopes of relative
strengths on log(date) (Fig. S2 and Table S3). Thus, variation
in body shape does not explain temporal changes in lower limb
bone structure in our sample.
Changes in the European gene pool over the past 30,000 y (49,

50) also might account, at least in part, for the observed variation
in limb bone structure. However, unlike craniometric variables
(51), limb bone dimensions do not appear to track population
history in Europe (52). Recent work also indicates that the
general genetic pool from which all Holocene Europeans were
derived is ancient, extending back before the earliest specimens
in our sample (53) and implying overall continuity despite peri-
odic migrational events.
Thus, the most parsimonious explanation for the temporal

patterns observed in our sample is that they reflect a systematic
decline in mobility across Europe following the Mesolithic. We
found little evidence for any change in relative A–P bending
strength of the femur and tibia before the Neolithic, thus arguing
against significant reductions in mobility during the Mesolithic,
at least in Europe (16). Rather, the first skeletal evidence for
increased sedentism appears to be tied to the initiation of food
production. However, the reduction in mobility beginning in the
Neolithic was gradual, continuing for several thousand years
through the Bronze and Iron/Roman period. This result supports
archaeological evidence for mixed subsistence economies including
significant residential as well as logistical mobility throughout
the Neolithic in Europe (54, 55) as well as gradual increases in

Fig. 2. Temporal trends in bending strength relative to body size [mm3/(kg·mm)·104]. (A) Femoral A–P strength. (B) Tibial A–P strength. (C) Humeral A–P
strength. (D) Femoral M–L strength. (E) Tibial M–L strength. (F) Humeral M–L strength. Data are shown as mean ± 95% confidence interval (CI). Males: blue
trace; females: red trace. Summary statistics by period are given in Table S1.

Ruff et al. PNAS | June 9, 2015 | vol. 112 | no. 23 | 7149

A
N
TH

RO
PO

LO
G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
7,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502932112/-/DCSupplemental/pnas.201502932SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502932112/-/DCSupplemental/pnas.201502932SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502932112/-/DCSupplemental/pnas.201502932SI.pdf?targetid=nameddest=ST1


www.manaraa.com

settlement sizes and other evidence for increased sedentism
throughout the Bronze and Iron/Roman periods, as agriculture
intensified (56, 57). The introduction of the horse and wheeled
vehicles to Europe in the later Neolithic (12, 58–60) likely also re-
duced lower limb loading in subsequent temporal periods.
This gradual change in mobility does not match the pre-

dictions of a relatively abrupt Neolithic Demographic Transition
in Europe (15) and thus only partially supports the proposed

impact of increased sedentism on this transition (2). The largest
previous study of European Holocene samples (n = 248) also
documented gradual declines in A–P/M–L bending rigidity of the
femur and tibia from the Neolithic through Iron Age or Early
Medieval samples in Central Europe (42). No comparisons with
earlier (Upper Paleolithic or Mesolithic) or later (post-Early
Medieval) samples were carried out in that study, and section
properties were estimated only from external bone contours and

Fig. 3. Results of pairwise comparisons between temporal periods. (A) Femoral A–P strength. (B) Tibial A–P strength. (C) Humeral A–P strength. (D) Femoral
M–L strength. (E) Tibial M–L strength. (F) Humeral M–L strength. In all panels, males: Upper Left; females: Lower Right. Black filled squares: significant (P <
0.05) Tukey and Games–Howell; Gray filled squares: significant Tukey only; striped filled squares: significant Games–Howell only. BRO, bronze; EM, Early
Medieval; IR, Iron/Roman; LM, Late Medieval; MES, Mesolithic; NEO, Neolithic; UP, Upper Paleolithic; VR, very recent.

Fig. 4. Regression slopes ± 95% CI for femoral, tibial, and humeral relative strengths against log10(Cal y B.P.) for two temporal ranges: Upper Paleolithic through
Iron Age, and Iron Age through very recent (see Table 1). (A) Femur. (B) Tibia. (C) Humerus. Males: blue; females: red. Because time is represented in reverse (years
before present), positive slopes indicate negative chronological trends. See Table S2 for associated statistics. UP, Upper Paleolithic; VRec, very recent.
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thus did not account for possible variation occurring on the
endosteal surface (61). (In fact, there are significant temporal
changes in endosteal relative to periosteal area in our sample;
P < 0.0001, ANOVA, all three sections.)
The lack of change found here in relative A–P bending

strength of the femur between the Upper Paleolithic and Me-
solithic is partially at variance with some previous studies that
have documented an increase in circularity of the femoral mid-
shaft in the European Mesolithic (39–41). However, it can be
seen from Fig. 2 A and D that such increases in circularity are as
much or more a product of increases in relative M–L strength than
of decreases in relative A–P strength. The approach adopted here
is more effective in partitioning out specific changes in the me-
chanical variable of most interest from a behavioral standpoint,
i.e., relative A–P bending strength. For the same reason, although
measures of average bending or torsional strength (i.e., the polar
section modulus, Zp) can be used to assess overall limb mechanical
loading, they also are less specific with regard to loadings associated
with differences in mobility per se.
“Mobility” itself encompasses a number of concepts (1, 5), and

it is likely that a combination of distance traveled, speed of
travel, and terrain all have effects on relative A–P bending of the
lower limb bones. In fact, we have found that terrain itself has an
independent effect on femoral and tibial cross-sectional shape
in our sample (with increasing A–P bending strength in more
mountainous regions), both before and after the Neolithic (62).
Such factors likely contributed to local variation in mechanical
loading of the lower limb but do not obscure overall temporal
patterns across Europe.
The lack of any continuing decrease in relative lower limb

bone strength since the Iron/Roman period suggests that the less
robust skeleton of modern as compared with Pleistocene humans
(25) is a product primarily of the transition from foraging to
farming, i.e., increased sedentism, rather than the result of other
subsequent cultural/technological innovations such as increasing
mechanization. This finding is consistent with recently reported
results based on limb bone trabecular structure (10, 26), in which
significant differences in bone density were found between Ho-
locene foragers and farmers but not between farmers and a
modern industrial sample. Our results for a much more com-
prehensive Holocene sample indicate that moderate variation in
activity level, i.e., between the Iron/Roman period and 20th
century, does not affect relative bone strength significantly. This
finding has implications for understanding the historical preva-
lence and etiology of osteoporosis in relation to reduced physical
activity among modern populations (8, 9, 63). Studies of age-related
changes in trabecular density or cortical bone relative thickness in
Iron/Roman through early industrial European samples have pro-
duced mixed results, with some reporting less decline than in
modern populations (64–66) and others finding no difference or
even more negative trends in the earlier samples (67–69). The re-
sults of the present study suggest that only very vigorous exercise is
a sufficient stimulus for increasing bone strength, as a possible
protective mechanism for age-related bone loss (21, 22).
Our findings are strictly relevant to European populations and

may not apply to all populations undergoing similar economic
and behavioral transitions. However, application of the direct
biomechanical approach used in this study has the potential to
elucidate patterns of changing mobility in other regions of the
world (e.g., ref. 5) that can be inferred only indirectly from
archaeological evidence.

Materials and Methods
Skeletal material was obtained from archaeological and historical samples
throughout Europe. The locations of the study sample sites, by temporal
period, are shown in Fig. 1. Individual sites, locations, and sample sizes are
given in Dataset S1. Temporal periods were defined using traditional cul-
tural criteria (28, 70), with chronological overlap between some of the
earlier periods (Table 1) because of variation in cultural transition times in
different parts of Europe. Geographic representation within each temporal
period varies, but every period includes samples from several widely dis-
tributed geographic regions. The earliest paleontological or archaeological
sites are small, with one or a few individual burials. Later samples are gen-
erally larger and derive from cemeteries or, in some very recent samples,
autopsy material. Only adults, defined on the basis of epiphyseal fusion of
the major long bones, were included. In nonautopsy material, sex was de-
termined using standard osteological features of the pelvis and skull (71).
Individuals showing evidence of pathological conditions that could affect
long bone diaphyseal structure were eliminated.

A femur, tibia, and right humerus from each individual were included
when available. All specimens were positioned relative to standardized an-
atomical axes (72), and cross-sectional geometric properties determined at
50% of bone length (length’; ref. 72) in the femur and tibia and 35% of
bone length from the distal end in the humerus. Not all three diaphyseal
sections were preserved in all individuals: A femoral section was preserved in
95%, a tibial section in 85%, and a right humeral section in 69%. Cross-
sectional diaphyseal images were obtained using CT or external molding
combined with biplanar radiography, and structural properties were de-
termined using custom-designed software (73, 74).

To control for the effects of body size, body mass was estimated from
femoral head breadth or reconstructed stature and pelvic breadth (75).
Priority was given to the latter technique, which was possible in 58% of the
total sample (40–73% within temporal periods). Stature was reconstructed
using the anatomical method (76) when possible (39% of total sample; 24–
52% within temporal periods) or from long bone lengths using previously
derived formulae for Holocene Europeans (75), including consideration of geo-
graphic differences in proportions (44, 75). Section moduli were divided by the
product of body mass × bone length to derive relative bone strengths (77).

Temporal trends in relative bone strength were assessed both by com-
parisons between periods and linear regressions of relative strength on
log10(Cal y B.P.). Logarithmic transformation of dates was carried out for the
latter analyses because of the greatly skewed temporal distribution of
samples (Table 1). Given the evidence for different temporal trends before
and after the Iron/Roman period (Fig. 2), regression analyses were carried
out for temporal periods up through this period and from this period on-
wards. Both Tukey multiple comparison tests and Games–Howell post hoc
tests were used for pairwise comparisons between individual periods.
Games–Howell tests do not assume equal variances within temporal groups
and so are particularly relevant for some of the smaller earlier samples.
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