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The well-preserved and numerous Middle Holocene human remains 
from Cis-Baikal provide a rare opportunity to investigate patterns of 

human adaptation and skeletal mechanics in hunting and gathering popula-
tions across a period of significant cultural change. Many of the best-pre-
served human remains are derived from the earliest cemeteries that date to 
the Early Neolithic (Kitoi Culture) at the sites of Lokomotiv and Shamanka 
II. Interments in Kitoi cemeteries date to between 8,000–7,000 yrs BP,! after 
which there was a hiatus in the use of formal cemeteries during the Middle 
Neolithic, followed by the Isakovo/Serovo and Glazkovo cultures, associated 
with the Late Neolithic and Bronze Age, respectively. Weber et al. (Chapter 
2 this volume) provide more information on the relevant culture history of 
the region while White and Bush (Chapter 1 this volume) supply compre-
hensive environmental context for this study.

Human Skeletal Morphology and Adaptation
 The anatomy of the human skeleton can inform us about long-term pat-
terns of adaptation to environmental variation, body size, energetics and life 
history, and habitual behavior. We have come a long way toward understand-
ing variation in the human postcranial skeleton based on a growing body of 
broadly based comparative research (Ruff et al. 1993; Ruff 1994, 1995; Ruff, 
Larsen, and Hayes 1997; Ruff 2002; Churchill 1994, 1996, 1998; Churchill, 
Weaver, and Niewoehner 1996; Holliday 1997, 1999, 2002; Trinkaus 1997; 
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Pearson 2000a; Stock 2002, 2006; Holt 2003).
 One of the most significant factors influencing patterns of human skel-
etal morphology is climate (Trinkaus 1981; Ruff 1994; Holliday and Falsetti 
1995; Holliday 1999; Holliday and Ruff 2001), primarily due to thermoreg-
ulatory advantages associated with different physical characteristics. Clinal 
variation within broadly distributed mammalian species demonstrate that 
individuals in cold climates tend to have higher body mass and shorter limbs 
than populations in hot climates (Bergmann 1847; Allen 1877), a relation-
ship which is also found in our species (Roberts 1978). Clinal variation in 
body size and limb proportions relates to thermoregulation through the re-
lationship between body volume (mass) and surface area, where heat transfer 
with the environment occurs.
 Basal metabolism and heat production are proportionate to body mass. 
If body mass is distributed across a tall, thin physique, the ratio of surface 
area to volume of the body is maximized, allowing for more effective heat 
loss. As body breadth increases, surface area relative to body mass decreases, 
maximizing heat retention. These thermoregulatory factors appear to have 
been a fundamental selective force influencing hominin physique.
 Human populations from cold climates tend to have greater body mass 
and body breadth as reflected by bi-iliac breadths (Ruff 1994) and lower bra-
chial and crural indices, representing the relationship between lengths of the 
forelimb segments (radius and tibia) relative to upper limb segment lengths 
(humerus and femur) (Trinkaus 1981). Body size is one of the most impor-
tant biological characteristics of both species and populations, for reasons 
that extend beyond thermoregulation. Body size is an important correlate 
of many physiological characteristics (Schmidt-Nielsen 1984), development 
(Gillooly et al. 2002), patterns of mortality, and demographic parameters 
(Charnov 2002). It is most commonly expressed in terms of either stature or 
mass, both of which may be estimated from the skeleton.
 The most obvious method of size estimation is based upon the corre-
lation between long bone lengths and stature (Trotter 1970; Feldesman, 
Kleckner, and Lundy 1990). Body mass may be estimated in a number of 
ways using either morphometric or mechanical methods, by estimating mass 
relative to overall body dimensions or mechanical loading of the lower limb 
(Auerbach and Ruff 2004). The most useful morphometric method involves 
combining an estimate of stature (using long bone length) and an estimate 
of body breadth (bi-iliac breadth) (Ruff 1994). This method of estimation 
is often difficult to achieve due to the requirement of a complete pelvis and 
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an adequate comparative sample for stature estimation. A related mechanical 
approach using femoral head diameter to estimate body mass (Ruff, Larsen, 
and Hayes 1997) has been found to closely approximate estimates based on 
the morphometric approach (Auerbach and Ruff 2004).
 Many characteristics of skeletal morphology are correlated with body 
size, including bone mass. In the context of human osteology, the terms “ro-
bust” and “gracile” are often used to refer to opposite ends of a continuum of 
relative bone mass, as reflected by the size and shape of osseous tissue. In this 
context, the term “robusticity” can refer to the overall size and construction 
of the skull, or the strength of elements in the postcranial skeleton.
 However, body size and skeletal mass are correlated. Thus the concept 
of robusticity requires that skeletal mass be standardized to an appropriate 
measure of body size. When referring to long bones, the classic definition 
of robusticity is the thickness of a bone shaft relative to its length (Martin 
and Saller 1957), although the term has now been used in a wide range of 
contexts (Pearson 2000 b). More recently, studies of robusticity have tended 
to focus on the cross-sectional geometry of cortical bone distribution in long 
bone diaphyses. This method uses engineering formulae for hollow beams 
to estimate the mechanical performance of bones, and hence their strength 
properties, standardized to estimated body mass (Ruff 2000).
 A general relationship between mechanical loading on the skeleton and 
bone mass has been well documented (Currey 1984; Martin and Burr 1989), 
and is most clearly demonstrated in a series of classic studies showing the 
response of cortical bone to strain using animal models (cf. Pead, Skerry, and 
Lanyon 1988; Lanyon and Rubin 1984). Although the process of functional 
adaptation is complicated and leaves many issues yet to be resolved (Lanyon 
1992; Pearson and Lieberman 2004), there remains considerable evidence 
for a direct link between mechanical loads and the geometric characteristics 
of long-bone diaphyses (Ruff, Holt, and Trinkaus 2006; Robling, Burr, and 
Turner 2000; Robling et al. 2002; Warden et al. 2005; Daly et al. 2004).
 On the basis of this evidence, measures of skeletal robusticity have fre-
quently been used to interpret patterns of prehistoric behavior (Bridges 
1989; Larsen 1997; Ruff 2000). Studies of pre-agricultural and agricultural 
groups suggest that antero-posterior strengthening of the human femur may 
be associated with greater terrestrial mobility, with more circular diaphyses 
being found among more sedentary groups, respectively (Ruff, Larsen, and 
Hayes 1984; Ruff and Larsen 1990). This interpretation has been supported 
by comparisons of agricultural and hunter-gatherer femoral robusticity (Ruff 
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1987b), and by comparisons between hunter-gatherers with different pat-
terns of mobility (Stock and Pfeiffer 2001; Stock 2006).
 These studies form part of a growing body of scholarship which has at-
tempted to clarify the relationship between behavior and skeletal robusticity. 
Patterns of human mobility have been at the center of these studies, as one of 
the most repetitive biomechanical influences on skeletal morphology among 
prehistoric populations. This research is based upon the theoretical predic-
tion that habitual antero-posterior loading of the lower limb in response to 
terrestrial mobility will stimulate adaptive bone modeling along the antero-
posterior plane. This, in turn, would produce diaphyses that have greater 
thickness (and, hence, strength) antero-posteriorly than medio-laterally, re-
sulting in asymmetric shape characteristics morphology (whether expressed 
as AP/ML diameter ratios, or Ix/Iy bending strength ratios resulting from 
biomechanical formulae).
 Ruff (1999) further suggests that lower limb robusticity may be influ-
enced by terrain relief as well as terrestrial mobility. While this idea supports 
the link between biomechanics and morphology, it suggests that a variety 
of locomotion-based mechanical factors may override simple relationships 
between subsistence strategy and femoral diaphysis robusticity. The funda-
mental relationship between mechanics and morphology has led a number 
of researchers to use patterns of femoral midshaft robusticity to interpret 
changes in the intensity of terrestrial mobility from archaeological skeletal 
series (Ruff 1987a, 1994, 1999; Larsen, Ruff, and Kelly 1995; Holt 2003; 
Stock and Pfeiffer 2001).
 Despite this evidence, there remain many genetic, environmental, and 
cultural factors that may influence femoral shaft morphology. This is un-
derscored by a recent study which found no temporal trends in femur mid-
shaft shape or size among North American populations of a variety of sub-
sistence strategies, technological contexts, genetic backgrounds, diets, and 
socioeconomic classes (Wescott 2006). While this finding highlights some 
of the potential limitations of broad-scale comparisons of this morphology, a 
consistent relationship between lower limb diaphyseal robusticity and shape 
has been found in more tightly constrained comparisons of hunter-gatherers 
(Stock 2006).
 Of further importance in understanding patterns of mobility among 
foragers is evidence that habitual use of watercraft is a primary influence 
on robusticity of the upper limbs in some human populations (Stock and 
Pfeiffer 2001; Weiss 2003). This results in population-level differences in 
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humeral strength relative to femur strength in coastal hunter-gatherers who 
exploit marine resources offshore (Stock 2006).
 While these studies suggest that it is possible to interpret general aspects 
of hunter-gatherer behavioral intensity from skeletal morphology, the study 
of sexual dimorphism in robusticity also allows for the investigation of varia-
tion in the intensity of labor between populations (Ruff 1987b). While the 
interpretation of patterns of sexual dimorphism may be complicated by hor-
monal and genetic differences, reduced dimorphism in human populations 
may be associated with lower levels of gender-based task specialization (Col-
lier 1993; Ruff 1987b, 1999). Variation in human robusticity is also known 
to correspond with climate (Collier 1989; Pearson 2000a), and has been 
found to correlate negatively with temperature and positively with patterns 
of terrestrial and marine mobility among hunter-gatherers (Stock 2006).
 Despite the complexity of the relationship between body size, climate, and 
robusticity, the strength of bone diaphyses relative to body size, the asymme-
try between antimeres, diaphyseal shape, and sexual dimorphism in mechani-
cal properties can be used to provide insights into variations in biomechanical 
loading and habitual behavior among prehistoric populations., This chapter 
will provide a preliminary investigation of body size and skeletal robusticity 
among the Middle Holocene populations of the Baikal region, given their rel-
evance in understanding patterns of human adaptation and behavior in pre-
history. Due to limitations of skeletal completeness and sample sizes required 
for this sort of comparison, the skeletal remains are grouped into Early Neo-
lithic (EN) and Late Neolithic–Bronze Age (LN–BA) periods. In order to 
place the adaptive and behavioral context of skeletal variation in these groups 
into an interpretive context, we compare them to a range of hunter-gatherer 
populations representing a range of geographic and behavioral variation.
 Using postcranial osteometrics, we address issues of physical adaptation 
and biomechanics of the upper and lower limbs by investigating the follow-
ing series of questions:

1. Does the body size and physique of Middle Holocene Baikal 
foragers correspond to climatic conditions and adaptive constraints 
of thermoregulation?

2. If so, is there evidence for di"erences in physique and climatic 
adaptation between the Early Neolithic and Late Neolithic–
Bronze Age populations? Di"erences in physique could represent 
either population replacement or a gradual process of adaptation 
within a continuous population.
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3. Is the morphology of the femoral diaphysis among Middle 
Holocene Baikal foragers robust or gracile compared to other 
hunter-gatherers of known mobility patterns?

4. Does the pattern of femoral robusticity and diaphyseal shape 
change from the Early Neolithic to Late Neolithic–Bronze Age 
period?

5. Are upper limb bones of Baikal foragers robust or gracile compared 
to other hunter-gatherers of known activity patterns?

6. Is there any evidence for changes in biomechanical loading 
intensity of the upper limbs through time or changes in 
biomechanically related sexual dimorphism?

By comparing postcranial skeletal morphology of the Early Neolithic and 
Late Neolithic–Bronze Age periods to other groups of hunter-gatherers with 
known or inferred activity patterns, we may shed light on both environmen-
tal and behavioral adaptations among the Middle Holocene populations of 
Cis-Baikal.

Study Samples
 Skeletal remains from Cis-Baikal used in this study represent adult skel-
etons from the Early Neolithic (pre-hiatus) cemeteries of Lokomotiv and 
Shamanka II (31 males, 19 females, and 4 indeterminate), and Late Neolithic 
to Bronze Age Isakovo and Glazkovo (post-hiatus) cemeteries of Ust’-Ida and 
Khuzhir-Nuge XIV (18 males and 8 females). Comparative hunter-gatherer 
skeletal series include the proto-historic Yahgan of the Tierra del Fuego and 
Andaman Islanders of southeast Asia, and archaeological series from the 
Late Archaic of the Great Lakes region of southern Ontario, the Later Stone 
Age of southern Africa, and Natufian of the Levant (Table 9.1).
 These comparative groups had varying intensities of both terrestrial and 
marine mobility. The Andaman Islanders were semi-sedentary terrestrially, 
but relied upon watercraft for subsistence (Radcliffe-Brown 1964; Cipriani 
1966). The Yahgan were heavily reliant upon the use of watercraft, with low 
to moderate terrestrial mobility (Borrero 1997; Bridges 1947). In contrast, the 
Later Stone Age foragers of southern Africa did not exploit marine resources 
offshore or use any form of watercraft, but were highly mobile terrestrially 
(Stock and Pfeiffer 2001). The mobility of Natufian hunter-gatherers of the 
Levant was also terrestrially based and may be considered moderate (Stock et 
al. 2005), as there is clear evidence of semi-sedentary settlements (Bar-Yosef 
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1998). Similarly, among the Archaic foragers of southern Ontario there is 
evidence for considerable mobility, but less portable tool kits, increased pop-
ulation sizes, and longer occupations of sites than earlier Paleoindian people, 
suggesting moderate terrestrial mobility (Ellis, Kenyon, and Spence 1990). 
There are parallels in the archaeological context of the Ontario Archaic and 
Middle Holocene Baikal foragers in that it is sometimes assumed, in absence 
of direct archaeological evidence, that the populations used watercraft due to 
behavioral and dietary complexity.

Methodology
 External osteometric data were used to investigate body size, physique, 
and skeletal robusticity among these foragers (Table 9.2). Estimates of skel-
etal robusticity were based on classical definitions by standardizing external 
shaft dimensions to bone lengths in order to maximize the comparative data 
available. Diaphyseal robusticity was quantified bilaterally at the mid-distal 
(35%) location of the humeri and the midshaft (50%) of the clavicles, and 

Table 9.1. Comparative Hunter-Gatherer Skeletal Collections Used in this Study.

Yahgan/Tierra 
del Fuego

Late Archaic/ 
N. Amer.  
Great Lakes

Later Stone 
Age/Southern 
Africa

Natufian/
Levant

Andaman 
Islanders/S.E. 
Asia

Nature of Sample Proto-historic Archaeological Archaeological
Archaeo-
logical

Proto-historic

Dates
ca. 1880 2,875–2,950 BP 10900–2000 BP 13,000–

11,000 BP
ca. 1860–1900

n=total 
( , , indet.)

41 (20,15,6) 15 (9,6,0) 84 (40,40,3) 35 (18,7,10) 38 (19,18,1)

Latitude Range 52º to 55º S 42º to 44º N 31º to 35º N 31º to 33º N 11º to 14º N

Terrestrial 
Mobility

Moderate Moderate High 
(< 1000 km2)

Moderate Low 
(> 40 km2)

Watercraft/
Marine Mobility

High, off shore 
resource 
exploitation

None/no 
evidence None None

High, offshore 
resource 
exploitation
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Table 9.2. Osteometric Variables, Indices, and !eir Adaptive and Functional Relevance.

Measurement Description Relevance

Humerus maximal length
Max. length of humerus, right side 
used where present, left otherwise

Correlated with stature, body size

Femur maximum length
Max. length of femur, right side used 
where present, left otherwise

Correlated with stature, body size

Body mass

Body mass estimated from femoral 
head diam., using average of three 
regression equations (Ruff, Trinkaus, 
and Holliday 1997)

Correlated with metabolism, energy 
production

Femoral head diameter

Max. diam. of femoral head, 
correlated with body mass at the age 
of epiphys eal fusion (Ruff, Trinkaus, 
and Holliday 1997)

Correlated with body mass, hence 
metabolism and other allometrically related 
physiological and life history characteristics

Femoral neck SI diameter
Min. supero-inferior height of femoral 
neck taken perpendicular to the long 
axis

In theory, greater SI neck diameter 
withstands greater loading as a result of 
weight bearing activity

Brachial index
(Radius max. length/humerus max. 
length)*100

Linked to thermoregulation with lower values 
found among cold-adapted populations

Crural index
(Tibia max. length/femur max 
length)*100

Linked to thermoregulation with lower values 
found among cold-adapted populations

Bi-iliac breadth

Max. external breadth across the 
iliac crests when both ossa coxae are 
oriented in anatomical position with 
the sacrum

Indicator of body breadth, relevant to body 
mass estimates, surface area to volume ratio 
of body, and thermoregulation

Femur bio. neck length

Projected distance between most 
medial point on head and lateral 
point on greater trochanter taken 
perpendicular to long axis of shaft

Component of body breadth, relative to 
thermoregulation (as above)

Femur 50% robusticity
((AP midshaft diam.+ML midshaft 
diam.)/bicondylar length)*100

Index of femur diaphysis size (and strength) 
relative to body size (height)

Femur 50% AP/ML shape AP midshaft diam./ML midshaft diam.
Index of femur diaphysis strength in the 
antero-posterior plane relative to medio-
lateral, may be related to terrestrial mobility

Femur 50% maximum/
minimum shape

Max. midshaft diam./Min. midshaft 
diam.

Index of femur diaphysis circularity (similar 
to above) without reference to anatomical 
planes

Humerus 35% robusticity
((35% max. diam.+35% min. diam.)/
max. length)*100

Index of humerus diaphysis size (and 
strength) relative to body size (height)

Humerus 35% BA
Bilateral asymmetry in product of 
max. and min. diam. of mid-distal 
(35%) humerus

Index of relative asymmetry in strength 
characteristics between humeral diaphyses

Humerus/femur diaphysis 
diameter product ratio

(Humerus 35% max.*min. diam.)/ 
(femur 50% max.*min. diam.)

Index of humerus shaft cross-sectional size 
rela tive to femoral cross-sectional size, corre-
lates with intensity of manual relative to 
lower limb loading

Humerus total area/ 
Femur total area

Humerus 35% total subperiosteal 
area/Femur 50% total subperiosteal 
area

Index of humerus shaft cross-sectional area rel-
ative to femoral cross-sectional area taking into 
account periosteal contour of cross-section, 
a more precise correlate of the intensity of 
manual relative to lower limb loading
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unilaterally at the midshaft (50%) of the femur and tibia. Bilateral asym-
metry of diaphyseal robusticity is quantified using the following formula: 
%Asymmetry=100#(Maximum–Minimum)/Minimum. The calculation of 
bilateral asymmetry and diaphyseal shape indices inherently control for the 
influence of body size variability.
 Analysis of variance was used to test the significance of differences in 
osteometric variables and robusticity indices between the Early Neolithic 
and Late Neolithic–Bronze Age periods. Population-level statistics represent 
the significance of differences between the Early Neolithic and Late Neo-
lithic–Bronze Age periods, while sex differences represent whether there is 
significant sexual dimorphism in a particular variable. The interaction effect 
tests whether there are changing trends in sexual dimorphism from the Early 
Neolithic to Late Neolithic–Bronze Age periods. When this value is non-
significant, it suggests that the pattern of sexual dimorphism has remained 
relatively constant. Osteometric variation is compared to the other groups of 
hunter-gatherers in order to place Middle Holocene human variation in Cis-
Baikal within a broader adaptive and behavioral context, thus shedding light 
upon the relative adaptive patterns found in the Early Neolithic and Late 
Neolithic–Bronze Age groups.

Osteometric Variation in Cis-Baikal
 Comparisons of measures of body size and physique are presented in 
Table 9.3. Comparisons of humeral and femoral lengths represent general 
trends in stature. Both measures suggest that there was a general and signifi-
cant increase in stature among both men and women from the Early Neo-
lithic to Late Neolithic–Bronze Age period. When compared to other hunt-
er-gatherers (Fig. 9.1), stature is relatively consistent, being lower on average 
than Archaic foragers of the Great Lakes but higher than the Yahgan, Later 
Stone Age, and Andamanese groups. The greatest similarities in humeral 
and femoral lengths lie with Natufian foragers of the Levant, who appear to 
be broadly similar in stature.
 Femoral head diameter, a skeletal indicator of body mass, shows a sig-
nificant increase in both men and women, which suggests that body mass 
increased from earlier to later periods (as reflected by estimated body mass, 
which is calculated on the basis of femoral head diameter and presented for 
comparison). As an independent correlate of body mass, the supero-inferior 
diameter of the femoral neck, in theory, must support vertical loading from 
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Table 9.3. ANOVA Results for Comparison of Body Size, Limb Proportions, and Body Breadth.

Kitoi Serovo / Glazkovo Statistics

Variable Sex N Mean S.D. N Mean S.D. F P

Humerus max. 
lengtha 28 313.88 10.68 15 320.30 12.55 Population 4.749 0.033

16 297.44 10.65 8 304.25 5.26 Sex 17.880 <0.001

Total 46 308.82 14.42 23 314.72 13.04 Interaction .004 ns

Femur max. length 28 432.98 12.58 17 443.47 16.43 Population 6.050 0.016

19 412.34 14.49 8 420.94 11.31 Sex 16.323 <0.001

Total 50 425.29 17.74 25 436.26 18.23 Interaction .060 ns

Body mass 31 66.33 3.64 16 70.16 5.45 Population 8.519 0.005

19 58.00 4.11 8 60.84 5.28 Sex 59.650 <0.001

Total 50 63.17 5.57 24 67.05 6.93 Interaction .181 ns

Femoral head diam. 31 46.58 1.57 16 48.22 2.34 Population 8.098 0.006

19 42.15 1.84 8 43.42 2.37 Sex 40.437 <0.001

Total 53 44.91 2.73 24 46.62 3.26 Interaction .127 ns

Femur SI neck 
diam.

30 31.40 1.73 17 33.28 3.06 Population 9.883 0.002

19 27.72 1.34 8 29.18 1.65 Sex 27.051 <0.001

Total 52 30.01 2.40 25 31.97 3.29 Interaction .158 ns

Brachial index 21 77.98 2.05 13 78.13 1.90 Population .043 ns

12 75.59 2.21 5 75.17 1.74 Sex 8.613 <0.001

Total 34 77.13 2.34 18 77.31 2.26 Interaction .198 ns

Crural index 24 82.70 2.57 13 82.77 2.06 Population .043 ns

16 82.56 1.90 5 82.20 2.07 Sex .401 ns

Total 41 82.68 2.28 18 82.68 2.28 Interaction .094 ns

Bi-iliac breadth 26 255.65 12.31 12 264.46 12.21 Population .780 ns

9 261.39 11.43 6 259.67 16.79 Sex .014 ns

Total 35 257.13 12.19 18 262.86 13.59 Interaction 1.724 ns

Femur bio. neck 
length

29 91.85 3.67 14 95.87 5.88 Population 5.962 0.017

18 82.79 3.64 6 84.59 2.67 Sex 38.191 <0.001

Total 48 88.22 5.79 20 92.48 7.32 Interaction .870 ns

a Right side where present, left side used otherwise.
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the trunk and, therefore, should be proportionate to increases in body mass 
during development. In this respect, there is also a significant increase be-
tween Early Neolithic and Late Neolithic–Bronze Age groups. When these 
variables are compared to other hunter-gatherers, estimated body mass is 
consistently high in the Early Neolithic and Late Neolithic–Bronze Age 
groups and similar to the Yahgan, Great Lakes Archaic, and Natufian forag-
ers (Fig. 9.2).
 Despite this general similarity, some of the Late Neolithic–Bronze Age 
males and females have the greatest femoral head diameters (and, hence, es-
timated body mass) found among any of the hunter-gatherer groups. Both 
the Early Neolithic and Late Neolithic–Bronze Age groups have average fe-
mur supero-inferior neck diameters that exceed those of other groups. These 
trends point to an increase in both stature and body mass through time, with 

9.1. Early Neolithic (EN) and Late 
Neolithic/Bronze Age (LN/
BA) humeral and femoral 
lengths compared to those of 
other hunter-gatherers.
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body mass among the Baikal populations being considerably high relative to 
stature when compared to the other hunter-gatherers.
 Comparisons of brachial and crural indices, which are used to investi-
gate physique in more detail, are nonsignificant and suggest that forelimb 
segment lengths relative to upper limb segments are relatively stable through 
time. Compared to other hunter-gatherers’ brachial indices, those of the Bai-
kal groups are at the low end of the spectrum of variation, similar to the 
cold-adapted Yahgan of the Tierra del Fuego (Fig. 9.3). Crural indices for 
the Early Neolithic and Late Neolithic–Bronze Age samples are both con-
siderably lower than among the other skeletal series, with low sexual dimor-
phism. There are no significant differences between the Early Neolithic and 
Late Neolithic–Bronze Age groups, suggesting that they shared a common 
morphological pattern in limb proportions. When compared to the range 
of variation among other hunter-gatherers, the observed pattern appears to 

9.2. Early Neolithic (EN) and Late 
Neolithic/Bronze Age (LN/BA) 
estimated body mass and femoral 
neck SI diameter compared to 
those of other hunter-gatherers.
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be morphologically optimized to low temperatures among both the pre and 
post-hiatus populations of Cis-Baikal.
 While brachial and crural indices, body mass, and stature correspond 
broadly with climate in human populations, body breadth is a major deter-
minant of surface area-to-mass ratios, hence thermoregulation in the human 
body. Comparisons of bi-iliac breadth (Fig. 9.4) show that the Baikal samples 
have relatively wide pelves that are comparable to those of the Yahgan and Ar-
chaic Great Lakes samples, although the considerable differences between these 
groups and the Later Stone Age and Andaman foragers are not unexpected, 
given the extremely small body size of the latter groups. Population level differ-
ences between the Early Neolithic and Late Neolithic–Bronze Age groups are 
nonsignificant (Table 9.3), but differences between the males of each period 
are significant individually (F(1, 21)=4.67; p=0.042). A further component of 
body breadth is produced by the biomechanical neck length of the femur. This 

9.3. Early Neolithic (EN) and Late Neo-
lithic/Bronze Age (LN/BA) brachial 
and crural compared to those of 
other hunter-gatherers.



206 J. T. Stock, V. I. Bazaliiskii, O. I. Goriunova, N. A. Savel’ev, and A. W. Weber

measure shows a significant increase between the Early Neolithic and Late 
Neolithic–Bronze Age periods, with the latter group showing the highest male 
and female means among the comparative hunter-gatherer groups.
 If we compare femur midshaft robusticity of Cis-Baikal groups to other 
hunter-gatherers of known mobility patterns, their values are relatively high 
(Fig. 9.5). The Kitoi males have the highest mean values of any group, higher 
than the Yahgan and Later Stone Age hunter-gatherers. There is also consid-
erable sexual dimorphism among the Kitoi series, more than among the Yah-
gan. Mean femur midshaft robusticity is significantly lower among both the 
males and females of the Late Neolithic–Bronze Age sample when compared 
to the Kitoi. In general, these observations suggest that robusticity is high 
among the Baikal populations compared to other foragers, but that there is a 
considerable decrease in bone strength between the Early Neolithic and Late 
Neolithic–Bronze Age periods.

9.4. Measures of body breadth among 
Early Neolithic (EN) and Late 
Neolithic/Bronze Age (LN/BA) 
populations compared to those of 
other hunter-gatherers.



 Skeletal Morphology, Climatic Adaptation, and Habitual Behavior 207

 While these data are suggestive of a general decrease in mechanical loading, 
diaphyseal shape has been found to more strongly correlate with patterns of 
mobility among hunter-gatherers (Stock 2006). When we compare the femur 
midshaft AP/ML diameter ratio among all hunter-gatherer groups, the highly 
mobile Later Stone Age population has the most asymmetric (antero-posterior-
ly strengthened) diaphyses of the group, with mean ratios of approximately 1.30 
among males and 1.19 among females. The semi-sedentary Andaman Islanders 
and Natufian populations have moderate ratios, with means of between 1.10 
and 1.16. When we compare the Kitoi to these groups, mean values for males 
are higher than all groups other than the highly mobile Later Stone Age males.
 However, the clearest trend in this comparison is the significant differ-
ence between the Early Neolithic and Late Neolithic–Bronze Age skeletal 
series. The Late Neolithic–Bronze Age sample has indices that approach 1 
for both the males and females, representing a trend toward roughly circu-

9.5. Femur shaft robusticity and shape 
among Early Neolithic (EN) and 
Late Neolithic/Bronze Age (LN/
BA) populations compared to 
those of other hunter-gatherers.
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lar diaphyses, with medio-lateral diameters similar to antero-posterior. This 
observation suggests a dramatic and significant change in shape of the femur 
diaphysis from the Early Neolithic to Late Neolithic–Bronze Age period, to-
ward more circular diaphyses in the latter group. It also supports an interpre-
tation of less intense antero-posterior loading between the Early Neolithic 
and Late Neolithic–Bronze Age.
 When we consider the pattern of humeral robusticity among the Baikal 
hunter-gatherers, there is a significant reduction in robusticity between the 
Early Neolithic and Late Neolithic–Bronze Age samples (35%). The pattern 
is consistent among both males and females, which means that sexual dimor-
phism in humeral robusticity remains similar between the groups. While the 
reduction in robusticity is suggestive of a general reduction in mechanical 
loading from the Early Neolithic to Late Neolithic–Bronze Age periods, the 
robusticity of the Kitoi group is high compared to other hunter-gatherers 

9.6. Humeral shaft robusticity among 
Early Neolithic (EN) and Late Neo-
lithic/Bronze Age (LN/BA) popula-
tions compared to those of other 
hunter-gatherers.
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Table 9.4. ANOVA Results for Comparison of Limb Robusticity, Humeral Bilateral Asymmetry, and 
Diaphyseal Shape.

Kitoi Serovo / Glazkovo Statistics

Variable Sex N Mean S.D. N Mean S.D. F P

28 13.29 0.61 13 12.83 0.51 Population 6.654 .012

Femur 50% 
Robusticity

18 12.62 0.65 7 12.16 1.01 Sex 7.631 <.001

Total 49 13.00 0.69 20 12.59 0.77 Interaction .000 ns

28 1.19 0.07 16 1.05 0.08 Population 39.972 <.001

Femur 50% AP/ML 
Shape

18 1.12 0.08 8 1.01 0.04 Sex 6.422 .003

Total 49 1.17 0.08 24 1.04 0.07 Interaction .326 ns

30 1.26 0.06 18 1.20 0.07 Population 15.305 <.001

Femur 50% Max./
Min. Shape

19 1.20 0.07 8 1.13 0.05 Sex 8.228 <.001

Total 52 1.24 0.07 26 1.18 0.07 Interaction .008 ns

25 12.56 0.56 13 11.91 0.60 Population 19.106 <.001

Humerus 35% 
Robusticity Right

15 11.48 0.61 6 10.62 0.69 Sex 24.731 <.001

Total 42 12.12 0.78 19 11.50 0.87 Interaction .367 ns

26 12.35 0.51 13 11.87 0.76 Population 5.744 .020

Humerus 35% 
Robusticity Left

12 11.18 0.45 7 10.77 1.04 Sex 20.235 <.001

Total 40 11.93 0.75 20 11.48 1.00 Interaction .028 ns

24 6.75 4.37 13 6.32 4.81 Population .039 ns

Humerus 35% BAa 13 6.44 4.53 6 6.34 5.10 Sex .223 ns

Total 39 6.75 4.29 19 6.32 4.76 Interaction .014 ns

25 0.941 0.051 12 0.939 0.057 Population .240 ns

Hum./Fem. 
Robusticity Ratio

15 0.910 0.039 7 0.898 0.045 Sex 3.573 .035

Total 42 0.928 0.049 19 0.924 0.055 Interaction .120 ns

28 0.527 0.042 13 0.502 0.029 Population 4.081 .048

Hum. 35% TA/Fem. 
50% TA

16 0.474 0.032 7 0.455 0.040 Sex 11.060 <.001

Total 46 0.507 0.046 20 0.486 0.040 Interaction .065 ns

a Bilateral asymmetry in the product of max. and min. shaft diameters at 35%.
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(Fig. 9.6). The Kitoi males have humeral robusticity that is comparable but 
somewhat lower than the Yahgan males, with slight differences from be-
tween the left and right humeri due to differences in bilateral asymmetry. 
The robusticity of female humeri among the Kitoi is also high, broadly simi-
lar but slightly lower than the Yahgan or Natufian women, and higher than 
the other groups of foragers. The trend in reduction of humeral robusticity 
among the Late Neolithic–Bronze Age group places the robusticity of this 
group closer to the Andaman Islanders and Archaic Great Lakes series, but 
still higher than the Later Stone Age foragers.
 The different patterns of robusticity between the left and right humeri 
among the hunter-gatherers suggest that there are somewhat different pat-
terns of bilateral asymmetry among these groups (Fig. 9.7). While there is 
a slight decrease in mean bilateral asymmetry between the Early Neolithic 
and Late Neolithic–Bronze Age groups, the relationship is nonsignificant. 
When compared to hunter-gatherers more broadly, the highest levels of bi-
lateral asymmetry are found among the Natufian and Later Stone Age males, 
both of which are terrestrially based hunter-gatherers thought to rely heav-
ily on the hunting of terrestrial game using spears, bows, and arrows. The 
diaphyseal asymmetry of the most intensive marine-based hunter-gatherers, 
the Andaman Islanders and Yahgan, is among the lowest, suggesting that 
bilateral strain related to locomotion minimizes asymmetry. While the Kitoi 
and Isakovo/Serovo/Glazkovo groups are somewhat intermediate between 
the terrestrial and marine foragers in their pattern of diaphyseal asymmetry, 

9.7. Humeral shaft bilateral asym-
metry among Early Neolithic 
(EN) and Late Neolithic/Bronze 
Age (LN/BA) populations com-
pared to those of other hunter-
gatherers.
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the results suggest relatively consistent and symmetric loading of the upper 
limbs among the Mid-Holocene populations of Cis-Baikal.
 A method of further investigating the relative strength of the skeleton 
in relation to locomotion is through the ratio of humerus-to-femur robustic-
ity. As a ratio between two metric variables, this is size free which makes it 
possible to compare measure of shaft dimensions more directly without stan-
dardizing them to bone length or body mass. In this case, to obtain relative 
dimensions, the product of maximum and minimum shaft diameters were 
compared at 35% of the humerus length and 50% of the femur length.
 The comparison of this ratio for the Early Neolithic and Late Neolithic–
Bronze Age samples shows a strong similarity between these groups (Fig. 9.8), 
with consistent and significant sexual dimorphism. The Baikal populations 
have somewhat lower ratios than both of the marine-dependent populations, 
the Yahgan and the Andaman Islanders, although their values are higher 

9.8. Measures of humerus relative 
to femur robusticity of the Early 
Neolithic (EN) and Late Neo-
lithic/Bronze Age (LN/BA) groups 
relative to those of other hunter-
gatherers.



212 J. T. Stock, V. I. Bazaliiskii, O. I. Goriunova, N. A. Savel’ev, and A. W. Weber

than both terrestrially based hunter-gatherers, the Natufian and Later Stone 
Age groups. While this comparison provides a preliminary estimate of rela-
tive shaft robusticity in foragers, having the benefit of comparative data of 
the terrestrially based Natufians, direct measures of diaphysis cross-sectional 
geometry may provide a more effective comparison.
 Using a smaller comparative sample of total-subperiosteal area (TA) 
measurements, which directly quantify bone area and distribution of cortical 
bone in a section, the results are broadly similar. Here, the difference between 
the Baikal populations and the terrestrially based Later Stone Age hunter 
gatherers is highly significant (F(1, 99)=42.69; p=<0.001). When compared 
only to the marine-based, canoe-using Andaman Islanders and Yahgan who 
have high humerus/femur TA ratios, the differences are also significant (F(1, 
105)=13.74; p=<0.001). The Early Neolithic and Late Neolithic–Bronze 
Age Baikal samples fall between the two extremes of morphology represent-
ed by the terrestrially based Later Stone Age and the marine-based Yahgan. 
This suggests a moderate to high level of habitual loading of the upper limbs 
relative to lower.
 It is interesting to note that the comparison of cross-sectional geometry 
illustrates a difference in diaphyseal robusticity between the Early Neolithic 
and Late Neolithic–Bronze Age periods that was not picked up in the com-
parison of diameters. There is a significant reduction in humerus TA/femur 
TA between these groups, which provides preliminary evidence for a reduc-
tion in the relative loading of the upper limb through time that is consistent 
in both sexes.

Summary of Osteometric Results
 The results of this study highlight a number of temporal trends in phy-
sique among the Middle Holocene populations of Cis-Baikal. Both stature 
and body mass increased from the Early Neolithic to Late Neolithic–Bronze 
Age periods, trends which would correlate with greater generation of meta-
bolic heat and a number of other life history and physiological parameters. 
Brachial and crural indices remain consistent between the Early Neolithic 
and Late Neolithic–Bronze Age groups, both of which are at the low end 
of the spectrum among the comparative hunter-gatherer series. This pattern 
suggests that the populations of Cis-Baikal had limb proportions well adapt-
ed to heat retention in a cold climate. Bi-iliac breadth is consistently high 
among the Baikal groups compared to other hunter-gatherers, providing evi-



 Skeletal Morphology, Climatic Adaptation, and Habitual Behavior 213

dence for high surface area to volume ratios of the body among these groups, 
a physical characteristic that is optimal for heat retention and thermoregula-
tion in a cold environment.
 The significant increase in bi-iliac breadth among males provides further 
evidence for a general size increase in the Late Neolithic–Bronze Age groups 
compared to the Early Neolithic Kitoi. This could be interpreted as evidence 
for more effective physiological adaptation to a cold climate among the Late 
Neolithic–Bronze Age populations, when compared to those from the Early 
Neolithic. However, as there is evidence for population replacement between 
these periods and for an increase in mean annual temperature, the morpho-
logical variation may represent ancestral phenotypic characteristics of the 
incoming population rather than adaptation to environmental conditions in 
Cis-Baikal within the Middle Holocene.
 The observed trends in femoral midshaft robusticity are suggestive of 
a reduction in biomechanical loading, hence the intensity of terrestrial lo-
comotion from the Kitoi to Isakovo/Serovo/Glazkovo. While this does not 
allow us to clearly differentiate logistical and residential mobility, nor inform 
us about the duration or distances involved in terrestrial movements, it does 
suggest a general decrease in the mechanical intensity of terrestrial locomo-
tion. Such a trend appears to correspond with evidence for differences in 
osteoarthritis of the knee (Lieverse, Chapter 7 this volume; Lieverse et al. 
2007). Both of these could be explained by a reduction in logistical mobility 
between the Early Neolithic and Late Neolithic–Bronze Age.
 Although femoral robusticity provides a useful proxy for estimating bone 
strength, shape variation in the femoral diaphyses has generally been found 
to provide the best correspondence with patterns of terrestrial mobility. The 
considerable reduction in shaft AP/ML diameter ratios identified in this 
study in the Early Neolithic to Late Neolithic–Bronze Age periods provides 
the most compelling evidence for a reduction in the intensity of terrestrial 
mobility through time. In the present context, we may see this as preliminary 
biomechanical evidence for decreasing mobility, which should be tested us-
ing more precise methods of quantification of bone morphology. However, 
when interpreting the data presented in this chapter, it is also important to 
note that the pattern of robusticity observed among the comparative forag-
ers corresponds roughly but not precisely to that documented among the 
same samples using diaphyseal cross-sectional geometry as a measure of bone 
strength, due to methodological issues related to the use of traditional mea-
sures of robusticity (Stock and Shaw 2007).
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 The results of this study further highlight a reduction in humeral ro-
busticity between the Early Neolithic and Late Neolithic–Bronze Age 
samples. Being consistent in both sexes, this trend suggests that there was a 
significant decrease in the biomechanical loading of the upper limb across 
this time span. While such differences could be explained by technological 
change, the consistency of the pattern of sexual dimorphism suggests that 
they may correspond with a general decrease in the intensity or frequency of 
mechanical loading.
 Previous studies of robusticity among hunter-gatherers have demon-
strated that one of the primary influences on upper body strength is the use 
of watercraft (Stock and Pfeiffer 2001; Stock 2006). Populations heavily 
dependent upon watercraft for subsistence, such as the Andaman Islanders 
and Yahgan, have low levels of bilateral asymmetry and considerably stronger 
humeri relative to femora. When the Early Neolithic and Late Neolithic–
Bronze Age samples are compared in this context, they show relatively low 
levels of bilateral asymmetry and strong humeri relative to femora. While 
the expression of this morphological pattern is not as strong as in the An-
damanese or Yahgan, both Baikal groups show marked differences from the 
terrestrially based Later Stone Age hunter-gatherers. This may be cautiously 
interpreted as evidence for a morphological pattern that was heavily depen-
dent upon the strength of the upper body.
 The use of watercraft would be a plausible behavioral mechanism to pro-
duce this morphology, but it could also be caused by intensive manual labor 
that involved bilateral loading of the upper body. If related to the use of wa-
tercraft, then freshwater mobility would be moderate compared to the heavi-
ly marine-dependent Yahgan and Andamanese populations. In this scenario, 
there is preliminary evidence, in the form of humeral to femoral TA ratios, 
for a reduction in upper body robusticity (and, hence, loading or marine lo-
comotion) in the post-hiatus populations. If this trend is related to watercraft 
use, then it may correlate with isotopic evidence for a greater dependence 
upon fish in the Early Neolithic. While the biomechanical evidence does not 
provide conclusive evidence for the use of watercraft, the current study can be 
used to generate hypotheses that should ideally be tested using more detailed 
biomechanical analyses, including cross-sectional geometry and studies of 
musculo-skeletal stress markers.
 A reduction in humeral bilateral asymmetry from the Early Neolithic 
to Late Neolithic–Bronze Age is also suggestive of differences in mechanical 
loading of the limbs. It has previously been argued that hunting predomi-



 Skeletal Morphology, Climatic Adaptation, and Habitual Behavior 215

nantly with spears should produce higher levels of asymmetry than hunting 
with bows (Bridges 1989). Previous research has demonstrated that higher 
levels of bilateral asymmetry were associated with a greater dependence 
upon large mammalian fauna at Later Stone Age sites in the Forest Biome 
of South Africa, when compared to skeletal assemblages from the Fynbos 
biome (Stock and Pfeiffer 2001). Despite similarities in lithic assemblages 
between these regions, the results support the suggestion that spears were 
used preferentially to hunt larger game.
 In the current study, the reduction in bilateral asymmetry between the 
Early Neolithic and Late Neolithic–Bronze Age suggests a trend toward 
more symmetrical loading, particularly when interpreted in the context of a 
parallel trend toward more circular diaphyses. Future research should inves-
tigate the relationship between upper limb biomechanics and diet in greater 
detail to determine whether a similar explanation is plausible for the Middle 
Holocene Cis-Baikal.
 It is interesting to note that none of the ANOVA interaction effects 
showed significant differences, demonstrating that the pattern of sexual di-
morphism between Early Neolithic and Late Neolithic–Bronze Age groups 
was relatively consistent, both in terms of physique and postcranial robusticity. 
This finding suggests that adaptive patterns were expressed within a range of 
behavioral variation without fundamental differences in the division of labor.
 When viewed in the context of recent evidence for genetic differences 
between the Early Neolithic and Late Neolithic–Bronze Age (Mooder et al. 
2006), the results of this study suggest that post-hiatus populations were dis-
tinct from the pre-hiatus populations in morphological characteristics asso-
ciated with behavior and adaptation. These differences include (1) decreased 
mechanical loading of the lower limbs, (2) decreased mechanical loading of 
the upper limbs, and (3) more effective morphological adaptations to the 
cold climate.
 This chapter further highlights differences in physique and skeletal ro-
busticity between the Early Neolithic and Late Neolithic–Bronze Age groups 
of the Baikal region. The results provide evidence for increasingly effective 
physiological mechanisms of climatic adaptation through time that relate to 
increases in body size and breadth. The comparisons of Kitoi and Isakovo/
Serovo/Glazkovo groups also highlight a general reduction in skeletal robus-
ticity from the Early Neolithic to the Late Neolithic–Bronze Age periods. 
This pattern suggests that the average intensity of mechanical loading of the 
skeleton was lower in the Late Neolithic–Bronze Age people. This trend is 
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consistent in both the upper and lower limbs, which could be explained with 
a model of decreasing work intensity.
 The results of comparisons of external measures of robusticity are some-
what different from studies using more detailed data based upon cross-sec-
tional geometry. As a result, the morphological trends and interpretations in 
this chapter should be viewed as working hypotheses. Further research using 
body mass standardized cross-sectional geometry and musculo-skeletal stress 
markers, placed firmly in the archaeological context of cultural transitions 
from the Early Neolithic and Late Neolithic–Bronze Age, should provide 
finer resolution on biomechanics and behavioral changes in the Middle Ho-
locene Cis-Baikal.

!"#$
1. All ages in this chapter are given in calendar (calibrated) years before present.


