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A number of anthropologists are convinced that changes in body build after the transition to agriculture
had been a response to changes in environmental and social conditions. They argue that such changes
were not connected with the genetic changes in Neolithic populations but were an adaptive response
by the human organism to the new conditions of life in Neolithic agriculture society. The studied long
bones characteristics in the Upper Palaeolithic, Mesolithic and Neolithic from Central Europe (length
of long bones, body height, sexual dimorphism of long bones, proportion of long bones) contain three
different morphological patterns of long bones – the Upper Palaeolithic, Mesolithic and Neolithic ones
– had probably existed over the course of Homo sapiens microevolution in the Upper Palaeolithic/
Neolithic transitional period.
We have found significant differences between the Upper Palaeolithic and Neolithic populations in: (1)
body size, body shape and limb proportions, (2) basic biomechanical limb parameters and limb robusticity,
and (3) sexual dimorphism both in body size and shape, and in the proportions and biomechanical structure
of limbs. The morphology of long bones of the Mesolithic populations of a transitional character, and
“non-typical” agricultural the Corded Ware Cultures populations reveal certain traits similar to the
Mesolithic populations. The morphology of Neolithic populations from two types of archaeological
cultures (agricultural and pastorals) seems to be of a different character. The Corded Ware Cultures
populations (pastorals) are in some respects similar to the Mesolithic populations, the Band Pottery
Culture populations and Lengyel Culture (agricultural populations) show extremely different pattern
morphology of long bones in relation to Upper Palaeolithic populations.
The differences observed between the Upper Palaeolithic and Neolithic populations resulted from multiple biological and cultural factors which combined to affect a new adaptive strategy and subsistence
pattern.
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1. Introduction
The Upper Palaeolithic-Mesolithic/Neolithic transition is
extremely important for a deeper understanding of Homo
sapiens evolution. Although there have been a number of
attempts to investigate this problem using palaeontological
data, e.g., by genetics and molecular genetics (e.g.,
Ammermann, Cavalli-Sforza 1984; Barbujani et al. 1994;
Haak et. al. 2005), the most important information can be
yielded by skeletal material only. Therefore, numerous
Corresponding author. E-mail: piontek@amu.edu.pl
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authors have analysed relevant skeletal material to describe
basic evolutionary trends over the Upper Palaeolithic/
Neolithic transition and the origin of agriculture (e.g.,
Formicolla 1983; 1993; 2003; Formicolla, Franceschi 1996;
Formicolla, Giannecchini 1999; Frayer 1980; 1981; 1984;
Frayer, Wolpoff 1985; Holliday 1997; Jacobs 1985a; 1992;
1993; Pinhasi 2004; Pinhasi, von Cramon-Traubadel 2009;
2012; Ruff 1987; Ruff et al. 1984; 1997; Vančata 1988;
1993; 2003; 2005).
There are two important methodological problems which
impose major limitations on the possibility of broader
interpretation and the generalization of the results from the
above studies.
23

IANSA 2012 ● III/1 ● 23–42
Janusz Piontek, Václav Vančata: Transition to Agriculture in Central Europe: Body Size and Body Shape amongst the First Farmers

1.	The studies usually deal only with certain parts of the
transition period. Some researchers have concentrated
their efforts on the Upper Palaeolithic/Mesolithic
transition (e.g., Formicolla, Giannecchini 1999; Frayer
1980; 1981; 1984; Frayer, Wolpoff 1985; Holliday 1997;
Jacobs 1985a; 1985b), and as a result they were unable
to analyse changes that occurred in the Neolithic. Others
have limited their studies primarily to the Mesolithic

and/or Neolithic period (e.g. Formicolla 1983; 1993;
Formicolla, Franceschi 1996; Jacobs 1992; 1993), thus
excluding the opportunity to understand the origin of the
Mesolithic/Neolithic morphological patterns as well as
the nature of the adaptive changes in this period. Some
of studies, in turn, simplified the structure of the Upper
Palaeolithic and Neolithic populations (e.g., Formicolla
1983; 1993; Formicolla, Franceschi 1996; Jacobs 1993;

Table 1. Upper Palaeolithic (Pre-glacial Maximum) group.

Label
Arene Candide 1-IP
B. Caviglione 1
Barma Grande 2
Barma Grande 5
Baousse de Torre 2
Barma Grande 4
Cro-Magnon 1
Dolní Věstonice – XIII
Dolní Věstonice – XIV
Dolní Věstonice – XVI
Grotte des Enfants 4
Grotte des Enfants 1
Kostenki 2
Mladec 21
Mladec 22
Neuessing 2
Ohalo II H2
Paviland
Pavlov
Předmostí – III
Předmostí – IX
Předmostí – XIV
Sungir 1
Sungir 2
Aurignac
Barma Grande 3
Combe Capelle
Dolní Věstonice – III
Dolní Věstonice – XV
Grotte des Enfants 5
Grotte des Enfants 6
La Rochette
Ostuni
Paglicci 25
Předmostí – I
Předmostí – IV
Předmostí – V
Předmostí – X
Sungir 3
Cro-Magnon 2
Cro-Magnon 3
Pataud 4
Pataud 5
Pataud 6
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Group
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM
PGM

Sex
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male – subadult
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female – subadult

Author
Holliday 1995
Holliday 1995
Formicolla 1988
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Vančata 1994; 1997
Vančata 1994
Vančata 1997
Formicolla 1988
Formicolla 1988
Vančata, in preparation
Holliday 1995
Holliday 1995
Holliday 1995
Hershkovitz et al. 1995
Holliday 1995
Vančata 1997
Matiegka 1938
Matiegka 1938
Matiegka 1938
Vančata 1997
Vančata 1997
Vančata 1988; 1997
Holliday 1995
Vančata 1988; 1997
Vančata 1994; 1997
Vančata 1994; 1997
Holliday 1995
Holliday 1995
Vančata 1997
Vacca, Novotny, pers. com.
Holliday1995
Matiegka 1938
Matiegka 1938
Matiegka 1938
Matiegka 1938
Vančata 1997
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
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Table 2. Upper Palaeolithic (Late Upper Palaeolithic) and Mesolithic groups.

Label
Arene Candide 10
Arene Candide 12
Arene Candide 2
Arene Candide 4
Arene Candide 5
Bichon 1
Chancelade 1
Gr. Continenza 1
Grotte des Enfants 3
Le Peyrat 5
Le Placard 16
Oberkassel 1
Parabita 1
Romito 3
Veryier 1
Arene Candide 13
Arene Candide 14
Bruniquel 2
Cap Blanc 1
Farincourt 1
Kostenki 14
Le Peyrat 6
Le Placard 15
Oberkassel 2
Parabita 2
Romito 4
Saint Germain-la-Riviere 1
San Teodoro 4
Arene Candide 1a
La Madeleine 1
Laugerie Basse 54298a
Laugerie Basse 54298b
Laugerie Basse 54298c
Laugerie Basse 9
San Teodoro 3
Bottendorf
Gough‘s Cave 1
Gramat 1
Hoëdic 5
Hoëdic 6
Hoëdic 9
Los Azules 1
Murzak Koba 2
Rastel
Rochereil
Téviec 11
Téviec 16
Hoëdic 8
Murzak Koba 1
Téviec 1

Group
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
LUP
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic
Mesolithic

Sex
Male
Male
Male
Male
Male
Male
Male
Male
?Female
Male
Male
Male
Male
Male
Male
Female
Female
Female
Female
Female
Female
Female
Female
Female
?Male
Female
Female
Female
?Male
?Male
?Male
?Male

Male
Male
Male
? Female
? Female
? Female
Male
Male
Male
Male
Male
Male
Female
Female
Female

Author
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Vančata1988; 1997
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Vančata, in prep.
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Vančata 1997
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Vančata, in prep.
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Holliday 1995
Vančata, in prep.
Holliday 1995
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Vančata 1988; 1993; 2003; 2005) and as a result failed to
analyse important adaptive processes in individual periods
of human evolution.
2.	Another problem concerns the structure of the data
examined. The majority of the studies are restricted to
investigation of the length of long bones and/or certain
basic measurements of the bones (e.g. Frayer 1980;
1981; 1984; Frayer, Wolpoff 1985; Holliday 1997;
Jacobs 1985a; 1985b; 1992; Ruff 1987; Ruff et al. 1984;
Vančata 1993), and stature reconstruction (Formicolla
1983; 1993; Formicolla; Franceschi 1996; Formicolla;
Giannecchini 1999; Jacobs 1993). Such studies can
only deal with particular problems, but do not allow for
the reconstruction of the most important ecological and
life history parameters of an ancient population. Studies
providing complex information on the body size and body
shape are still exceptional (Ruff et al. 1997; Vančata 1997)
and are limited by the number of Neolithic populations
examined.

shape of fossil Homo sapiens. We have studied the length
of the bones and various other measurements of the lower
and upper limb long bones (for a methodological approach
see: Vančata 1988; 1991; 1997), which enabled us to perform
a detailed analysis of the robusticity and biomechanical
structure of the lower and upper limb long bones.
The archaeological context for Palaeolithic and Mesolithic
materials has been studied in detail and is described extensively
in the anthropological and archaeological literature (see
references in Tables 1 and 2). The archaeological context of
the materials pertaining to Neolithic populations (including,
dating, chronological and cultural classification) can be found
in publications by Bach (1965; 1978); Bach, Bach (1981);
Bogucki (1982; 1988); Czerniak (1980; 1994); Éry (1998);
Grygiel, Bogucki (1997); Kruk, Milisauskas (1999); Krzak
(1976; 1989); Jankowska et al. (1999); Machnik (1979);
Milisauskas, Kruk (1989); Tabaczyński (1970); Zvelebil
(1995; 2001); Zvelebil, Lillie (2000).
3. Methods

2. Material
We have studied femora, tibiae, humeri and radii of the
European Upper Palaeolithic population (Pre-Glacial
Maximum group – PGM) composed of 24 males, 14 females
and 5 individuals of unknown sex, see Table 1; for more
details see the papers by: Holliday 1995; 1997; Ruff et al.
1997; Trinkaus, Jelinek 1997; Vančata 1991; 1993; 1997), the
Late Upper Palaeolithic group – LUP (19 males, 13 females
and 3 individuals of unknown sex, see Table 2), European
Mesolithic skeletons (9 males and 6 females, see Table 2)
and also those of five Neolithic populations with two types of
economy: early Central European agriculturalist populations:
Jena, Germany – the Linear Band Pottery Culture – LBPC
(32 individuals) and early Central European pastoral
populations from Złota, Poland – the Corded Ware Culture –
CWC (62 individuals) and Jena, Germany – the Corded Ware
Culture (38 individuals), and agriculturalist populations
from Cujavia, Poland – the Lengyel Culture (45 individuals)
and Hungary – the Lengyel Culture (84 individuals) (see
Table 3).
The material and data used were selected according to
the program of reconstruction of the body size and body

In our pilot study the body size parameters, length of bones
and selected measurements and indexes referring to femur,
tibia, humerus and radius (see Vančata 1988; 1991; 1993;
1997 for the used methods) were examined for the first
time for the following five groups from the transitional
period: PGM Upper Palaeolithic Homo sapiens, LUP Upper
Palaeolithic Homo sapiens, Mesolithic Homo sapiens,
Neolithic early agriculturalist populations and Neolithic
early pastoral populations (Table 4). The results were also
compared with those of our earlier studies (Vančata 1988;
1991; 1993; 1997; 2003; 2005; Piontek 1999a; 1999b; 2001;
Piontek, Vančata 2002; 2004).
4. Body size and shape reconstruction
One of the main goals of the study is the reconstruction of
the body size and body shape of the Upper Palaeolithic and
Neolithic populations. We have estimated the body height
and body mass of each examined individual with various
regression equations published (e.g., Feldesman et al. 1990;
Sjøvold 1990; McHenry 1992; Ruff, Walker 1993). Our

Table 3. Middle European Neolithic populations included in the study.

Population, country
Jena, Germany
Jena, Germany
Złota, Poland

Culture
Linear Band Pottery Culture
(LBPC)
Corded Ware Culture
(CWC)
Corded Ware Culture
(CWC)

N

Males

Females

32

13

19

38

19

19

62

33

29

Hungary

Lengyel Culture (LC)

84

37

47

Kujavia, Poland

Lengyel Culture (LC)

45

25

20

26

Studied bones
Humerus, radius,
Femur, tibia
Humerus, radius,
Femur, tibia
Humerus, radius,
femur, tibia
Humerus, radius,
femur, tibia
Humerus, radius,
femur, tibia

References
Bach 1978; Bach, Bach 1981;
Vančata 1988; 1993; 1997
Bach, Bach 1981
Vančata 1988; 1993; 1997;
Krenz-Niedbała 2000
Database by Éry 1998
Krenz-Niedbała 2000
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Table 4. List of examined traits.

No.
01
02
03
04
05
06
07
08
09

Variable code
HEADBRTH
NECKLNGH
NCKLGBOI
PRXEPIML
SUBTROAP
SUBTROML
DIAMDLAP
DIAMDLML
INTEREPI

10

TDML

11

TAPM

12

MIDSHAFT

13

SUBTROCH

14

DISTFEM

15

PROXTIB

16

DISTATIB

17
18
19
20

s – BMI
s – Rohrer
Body height
Body mass

Name of variable
Femur – medio-lateral head breadth
Femur – neck length
Femur – biomechanical neck length
Tibia – medio-lateral diameter of proximal tibia diaphysis
Femur – anterio-posterior subtrochanteric diameter
Femur – medio-lateral subtrochanteric diameter
Femur – anterio-posterior diameter of midshaft
Femur – medio-lateral diameter of midshaft
Tibia – Bicondylar width
Tibia – medio-lateral diameter of distal tibial joint surface (TH), it can be also computed by subtracting of
medio-lateral breadth of maleolus medialis from of medio-lateral diameter of distal tibial epiphysis
Tibia – middle anterio-posterior diameter of distal tibial joint surface (TH), it can be also computed as
a mean of lateral anterio-posterior diameter of distal tibial joint surface and medial anterio-posterior
diameter of distal tibial joint surface
Tibia – midshaft product (product of medio-lateral diameter of midshaft and anterio-posterior diameter of
midshaft)
Femur – subtrochanteric product (product of medio-lateral subtrochanteric diameter and anterio-posterior
subtrochanteric diameter)
Femur and Tibia – distal tibial products – product of bicondylar width and anterio-posterior of the distal
femoral shaft
Tibia – proximal tibial product – product of anterio-posterior diameter of proximal tibial epiphysis and
medio-lateral diameter of proximal tibial
Tibia – distal tibial product – product of medio-lateral diameter of distal tibial joint surface and middle
antero-posterior diameter of distal tibial joint surface (can be calculated from computed values or from
measured values (Holliday, 1995)
Skeletal Body mass index (s-BMI=body mass [g] /height [cm]2)
Skeletal Rohrer’s index (s-Rohrer=body mass [g] /height [cm]3)
Mean body height estimate from 8 regression (see Table 5 for details)
Mean body height estimate from 26 regression equations (see Table 6 for details)

approach has, however, several specific features, based
on the view that there is no ideal formula for computing
body height and body mass, and that the preciseness of the
estimates cannot be consistently checked in fossil hominid
samples:
1.	The body height and body mass are reconstructed by the
stochastic approach and should be computed for each
skeleton examined.
2. We have not only studied the body height and body mass
but also their relation as expressed by skeletal ponderal
indexes; Rohrer’s body mass index has been used in this
study.

3.	All body size parameters should also be examined in
relation to limb proportions (cf. also Vančata 1996; 1997;
2000). Such an analysis provides us with important and
complete information on the body build of the fossil Homo
sapiens populations.
Unlike in other studies (see Formicolla; Franceschi 1996;
Formicolla, Giannecchini 1999; Sjøvold 1990 for the review),
we have computed body parameters as mean values based on
several reliable equations, with them being calculated by the
same methods for each individual. While in some cases the
precision of the estimates of individual body height and body

Table 5. Selected equations for estimates of body height (average values of body height were
computed for each individual from the below listed eight equations for the estimate of body
height from femoral length and humerus length).

Reference
Feldesman et al.1989; 1990
Feldesman, Fountain 1996
Sjøvold 1990

Olivier 1976
Jungers 1988

Parameter
Length of femur
Length of femur
Length of femur
Length of humerus
Length of femur
Length of humerus
Length of femur
Length of femur

Equations
BH=3.745×Femur
BH=3.01939×Femur+31.26332
BH=3.10×Fem2+28.82
BH=4.74×Hum2+15.26
BH=3.01×Fem2+32.52
BH=4.62×Hum2+19.00
BH=3.420×Fem2+17.1
BH=3.8807×Fem–51.0
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Table 6. Selected equations for estimates of body mass (average values of body height were computed
for each individual from the below listed 25 equations for the estimate of body mass from femoral and
tibial parameters and the body height).

Reference
Ruff, Walker 1993
Jungers, Stern 1983
Wolpoff 1983
McHenry 1988
McHenry 1991

McHenry 1992

Parameter
Stature
Stature
Stature
Stature
subtrochanteric product
femoral head
subtrochanteric product
distal femoral product
proximal tibial product
distal tibial product
femoral head

subtrochanteric product

distal femoral product

proximal tibial product

distal tibial product

mass obtained with this approach may not be optimal, they
should be free of random errors with regard to the estimates
of the body size, and thus it is much more appropriate for
describing the body size variability within a population.
Body height has been computed with the MA and RMA
formulas published by Feldesman and colleagues (Feldesman
et al. 1989; 1990; Feldesman, Fountain 1996), Jungers
(1988), Olivier (1976) and Sjøvold (1990). We computed
the mean values from six equations based on the femoral
length and two equations for the humeral length. Humeral
formulas are less precise (see Sjøvold 1990) but diminish
the influence of random errors connected with unexpected
values of femoral length in individuals (Table 5).
We have used 25 formulae computed from the femoral
head, subtrochanteric product, distal femoral product and
proximal tibial and distal tibial products (McHenry 1988;
1991; 1992). Traditional formulae based on a correlation
between body height and body mass (Jungers, Stern 1983;
Ruff, Walker 1993; Wolpoff 1983) were also computed in
order to minimise random errors caused, for example, by
extremely gracile or extremely robust femora and/or tibiae.
The resulting body mass has been computed as the mean of
those 25 values (Table 6).
Two ponderal indexes – skeletal Body Mass Index (s-BMI)
and skeletal Rohrer’s index (s-Rohrer) – were computed (see
formulae in the List of measurements) for all the specimens
28

Equations
BM=0.689×Stat–53.1
BM=0.00013×Stat^2.554
BM=0.00011×Stat^2.592
BM=0.00062×Stat^2.241
logBM=0.624×log×Subtroch–0.0562
logBM=1.7125×logHead–1.048
logBM=0.7316×logSubtroch–0.4527
logBM=0.960×logDistFem–1.5678
logBM=1.0583×logProxTib–1.9537
logBM=0.9005×logSubtroch–0.8790
logBM=1.7125×logHead–1.0480
logBM=1.7754×logHead–1.1481
logBM=1.7538×logHead–1.1137
logBM=0.7927×logSubtroch–0.5233
logBM=0.8069×logSubtroch–0.5628
logBM=0.8107×logSubtroch–0.5&33
logBM=0.9600×logDistFem–1.5678
logBM=0.9919×logDistFem–1.6754
logBM=0.9921×logDistFem–1.6762
logBM=1.0583×logProxTib–1.9537
logBM=1.0689×logProxTib–1.9903
logBM=1.0683×logProxTib–1.9880
logBM=0.9005×logDistTib–0.8790
logBM=0.9227×logDistTib–0.9418
logBM=0.9246×logDistTib–0.9473

studied. They are integral parameters, expressing relations
of body linearity, body volume and body mass, as well as
general body shape.
The data were managed in QuattroPro 8.0 for Windows
table processor with computation carried out by Statistica 10.
All the tests were made at a 95% level of significance.
5. Morphological changes in the transition to agriculture
5.1 The length of long bones and their proportions
Bone lengths (Figure 1) are the first group of traits revealing
important microevolutionary changes in the Upper
Palaeolithic/Neolithic transition. There are basically three
different groups in the skeletal sample studied: the PGM
Upper Palaeolithic group with very extremely long bones,
especially particularly in males, the LBPC Neolithic group
with very extremely short bones, and finally the group that
which consists of the LUP Upper Palaeolithic, Mesolithic
and the CWC Neolithic populations with medium-length
bones.
However, a comparison of the long bone proportions
reveals a somewhat different picture (Figure 2). Both Upper
Palaeolithic groups are similar in having a relatively long
tibia and radius, while an extremely short tibia and radius are
typical of the LBPC Neolithic group are a very short tibia

Length of bones in mm
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480
460
440
420
400
380
360
340
320
300
280
260
240
220
200
180
160

PGM Homo s.- males
PGM Homo s.- females

LUP Homo s.- males
LUP Homo s.- females

Femur

Mesolithic-males
Mesolithic-females

Tibia

Neolithic LBPC-males
Neolithic LBPC-females

Humerus

Neolithic CWC-males
Neolithic CWC-females

Radius

Figure 1. Length of femur, tibia, humerus and radius for Upper Paleolithic, Mesolithic and Neolithic human populations. PGM – Pre-glacial Maximum
Upper Paleolithic (Gravettien), LUP – Late Upper Paleolithic, LPBC – Neolithic – Linear Band Pottery Culture, CWC – Neolithic – Corded Ware Culture.

and radius, while and the Mesolithic and CWC Neolithic
groups’ traits are intermediate between the two. An additional
analysis of the long bones and bone proportionality of
the five Neolithic populations (Figures 3, 4) confirms this
conclusion. However, the differences primarily hold true for
populations occupying the same geographic region.

5.2 R
 obusticity and morphological patterns
of the long bones
The results of the analysis of the robusticity and proportionality
of individual bones (Figures 5–8) are more complex, but are
basically consistent with the above schemes. The results can
be divided into the following three topics: 1) Morphology

0.9

Limb proportionality indexes

0.85

0.8

0.75

0.7

0.65

0.6

PGM Homo s.- males
PGM Homo s.- females

LUP Homo s.- males
LUP Homo s.- females

CRURAL

Mesolithic-males
Mesolithic-females

BRACHIAL

Neolithic LBPC-males
Neolithic LBPC-females

HUMFEMIN

Neolithic CWC-males
Neolithic CWC-females

RADTIBIN

Figure 2. Basic limb proportions for Upper Paleolithic, Mesolithic and Neolithic human populations. PGM – Pre-glacial Maximum Upper Paleolithic
(Gravettien), LUP – Late Upper Paleolithic, LPBC – Neolithic – Linear Band Pottery Culture, CWC – Neolithic – Corded Ware Culture.
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480
460
440
420
400
380
360
340
320
300
280
260
240
220
200
180
160

Zlota - CWC - Males
Zlota - CWC - Females

Jena CWC males
Jena CWC females

Fem ur

Jena LBPC males
Jena LBPC females

Tibia

Kujavia LC males
Kujavia LC females

Hum erus

Carpathian LC males
Carpathian LC females

Radius

Figure 3. Length of femur, tibia, humerus and radius for selected Neolithic human populations. LPBC – Neolithic – Linear Band Pottery Culture, CWC –
Neolithic – Corded Ware Culture, LC – Neolithic – Lengyel Culture.

and proportionality of the long bones epiphyses, 2) The
shape of the femoral diaphysis and size relations, and 3) The
shapes of individual femoral and tibial epiphyses and their
relations.
1. Both Upper Palaeolithic groups have a relatively larger
femoral head and shorter femoral neck, while the
Neolithic ones have an extremely very long femoral neck

and a relatively smaller femoral head (Figures 5–8). The
Mesolithic group is intermediate in this respect. Both
Upper Palaeolithic and Mesolithic groups have generally
more robust distal femoral and proximal tibial epiphyses
in comparison with both Neolithic populations. However,
this holds mainly true for Neolithic females, and there
are differences among the Neolithic populations studied.

0.9

Limb proportionality indexes

0.85

0.8

0.75

0.7

0.65

0.6

Zlota - CWC - Males
Zlota - CWC - Females

Jena CWC males
Jena CWC females

CRURAL

Jena LBPC males
Jena LBPC females

BRACHIAL
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Pre-glacial Maximum Upper Paleolithic (Gravettien), LUP – Late Upper Paleolithic, LPBC – Neolithic – Linear Band Pottery Culture, CWC – Neolithic
– Corded Ware Culture.

The distal tibial epiphysis is more robust in Neolithic
populations in comparison with the Upper Palaeolithic
and Mesolithic ones, although it is much more robust in
the LBPC Neolithic group than in the CWC Neolithic
group.

2. Upper Palaeolithic groups usually have a flat subtrochanteric
region and a rounded femoral diaphysis with a prevailing
sagittal diameter (drop-shaped cross-section) while the
Neolithic populations have a rounded subtrochanteric
region and a more gracile femoral diaphysis (Figures 6, 7).
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have a relatively large femoral head in relation to the
femoral neck and have a relatively large biomechanical
neck length. The Neolithic populations are characterized
by a relatively small femoral head in relation to the
femoral neck, an extremely long femoral neck and a
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In the Mesolithic group the traits seem to be intermediate
compared with those of the two other groups.
3.	The most remarkable differences among the groups are
observed in the proximal femoral and the distal tibial
epiphyses (Figures 5, 6, 8). The Upper Palaeolithic groups
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Figure 8. Selected indexes representing proportionality of proximal femoral epiphysis and femur for Upper Paleolithic, Mesolithic and Neolithic human
populations. PGM – Pre-glacial Maximum Upper Paleolithic (Gravettien), LUP – Late Upper Paleolithic, LPBC – Neolithic – Linear Band Pottery Culture,
CWC – Neolithic – Corded Ware Culture.
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5.3 Body size and shape
Body size in these populations has been examined as a
complete parameter represented by the reconstructed body
height, body mass and two ponderal indexes (s-BMI and
s-Rohrer index). An analysis of the reconstructed body
height (Figure 9) indicates that there are basically 3 groups
in this area. Relatively tall or even extremely tall individuals
are usually found in the Gravettian PGM group, while short
or particularly short individuals in the LBPC Neolithic
groups, with an intermediate stature in the remaining groups.
An analysis of the body mass reveals a similar picture,

although there is a remarkable sexual dimorphism in both the
Gravettian and the LBPC Neolithic groups. While the PGM
females are relatively extremely heavy and males lightly
built, in the Neolithic group the situation is completely
opposite; the males are extremely heavy and the females
extremely light. This situation is much better reflected by
the ponderal indexes (Figure 10). While the LUP Upper
Palaeolithic, Mesolithic and CWC Neolithic groups have
a similar body shape with medium robusticity of the body
in both sexes, there are different groups with a particularly
marked but specific sexual dimorphism; the Gravettian one
with extremely robust females and the LBPC Neolithic one
with extremely robust, short males.
5.4 Sexual dimorphism
A complete interpretation of the results would be impossible
without an analysis of sexual dimorphism. The sexual
differences are extremely large both in size and in shape in
the Gravettian and LBPC Neolithic populations, on the one
hand, and medium to large in size and medium to small in
the LUP Upper Palaeolithic, Mesolithic and CWC Neolithic
populations on the other.
The PGM Upper Palaeolithic males were tall or very
extremely tall and relatively slim, but while females were
relatively small and very extremely robust. PGM Upper
Palaeolithic females had relatively longer tibia, a longer
femoral neck and a relatively larger femoral head than males.
The LUP Upper Palaeolithic males were of medium stature
and robusticity. They had a longer tibia, biomechanical neck
length and a larger femoral head compared with females.
In this group, females are significantly smaller than males,
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relatively short biomechanical length diameter. This
morphological pattern is again much more developed
in the LBPC Neolithic group, compared with the CWC
one. The Mesolithic group is virtually intermediate with
regard to this morphological pattern, which documents
particularly well the rebuilding of the proximal femoral
epiphysis during the Upper Palaeolithic–Neolithic
transition. The shape and size of the distal tibial epiphysis
differs markedly between the Upper Palaeolithic and
Neolithic groups. While both Upper Palaeolithic groups,
just as the Mesolithic one, have a relatively gracile distal
tibial epiphysis with a longer sagittal diameter, both
Neolithic groups have a more robust distal tibial epiphysis
(Figures 6, 7). However, there is again a remarkable
difference between the two Neolithic groups. The CWC
group has a square-shaped and relatively robust distal
tibial epiphysis, while the LBPC group has an extremely
robust distal tibial epiphysis with a remarkably prevailing
transversal diameter (Figures 6, 7).
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Figure 9. Estimated body height and body mass for Upper Paleolithic, Mesolithic and Neolithic human populations. PGM – Pre-glacial Maximum Upper
Paleolithic (Gravettien), LUP – Late Upper Paleolithic, LPBC – Neolithic – Linear Band Pottery Culture, CWC – Neolithic – Corded Ware Culture.
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Figure 10. Skeletal ponderal indexes for Upper Paleolithic, Mesolithic and Neolithic human populations. PGM – Pre-glacial Maximum Upper Paleolithic
(Gravettien), LUP – Late Upper Paleolithic, LPBC – Neolithic – Linear Band Pottery Culture, CWC – Neolithic – Corded Ware Culture.

they have a relatively longer femoral neck and more robust
proximal tibia. However, the degree of sexual dimorphism
in this population is much lower compared with that of the
PGM Upper Palaeolithic group.
Mesolithic males’ and females’ general body size and
shape are quite similar to those of the LUP Upper Palaeolithic
group. Some differences can be found between the LUP and
the Mesolithic females. Mesolithic females have more robust
bones with a longer femoral neck. They have a relatively much
longer femoral neck and biomechanical neck length, more
robust subtrochanteric region, distal femoral epiphysis and
a much more robust proximal tibial epiphysis in comparison
with Mesolithic males.
The two Neolithic groups are extremely different in the
degree and character of sexual dimorphism.
The CWC Neolithic group from Złota is fairly similar to
the Mesolithic one. Males have a medium stature and are not
particularly robust. Females are significantly smaller than
males, but do not differ from the CWC males in terms of
robusticity and proportions. All the sexual differences, both in
the body build and in bone morphology and proportions seem
to be in size, rather than in the shape of the body or bones.
The LBPC Neolithic group has an extremely high degree
of sexual dimorphism with regard to both size and shape.
Females and males are both significantly more robust than
those in the CWC group. The LBPC females are extremely
small and more gracile than the males. They have relatively
longer upper limbs and femoral necks, and relatively smaller
femoral heads in comparison with the males. The latter have
generally more robust bones, particularly their proximal
femoral epiphyses and distal tibial epiphyses, which are
much larger than those of the LBPC females.
34

6. T
 he transition to agriculture: a general model
and hypothesis
The emergence of agriculture and its subsequent spread
across Europe and other continents has been modelled in
a variety of ways. In our view two theoretical approaches
deserve special attention. Both describe the role of social and
economic factors in the shaping of the biological structure
of early agricultural populations (Hassan 1973; 1978; 1979;
1981; Larsen 1987; 1990; 1995).
Hassan (1981) proposed a demographic model for the
transition to agriculture. In this model he considered
the higher fertility rate to be an essential factor in the
principal transformations of the biological structure
of early agricultural populations (Figure 11). He also
suggested that a high fertility rate must have been related
to early marriage (that is, to an early start-of-reproduction
by women in farming populations). Hassan’s (1981)
suggestions have been corroborated by demographic
studies of the fertility rate in modern traditional farming
communities. In a cross-cultural demographic study
(31 traditional agriculturalist and 26 non-agriculturalist
populations), Bentley et al. (1993) demonstrated that higher
fertility was primarily associated with the intensification
of agriculture (Figure 12).
Similar suggestions were put forth by Larsen (1987; 1990;
1995). In his model of agricultural transition he viewed early
puberty as a major factor influencing body shape and size in
early agriculturalists. However, he associated the change in
growth patterns in early farming populations with changes in
the living conditions following the transition to agriculture
(Figure 13).
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Figure 11. A model of the impact of agriculture on the determinants of fertility (Hassan 1981: 228).

Similarly, Trinkaus and Tompkins (1990) presented
interesting data on the differences between populations of
hunter-gatherers and traditional agriculturists at the age when
girls reached menarche and at the age of first reproduction
(Figure 14). The data indicate that girls in hunter-gatherer
populations reached menarche on average 3 years later (at the
age of 16) than girls in traditional agriculturalist populations
(at the age of 13). Also the starting age of reproduction in
hunter-gatherers was on average as late as 19 years, whereas
it occurred at 18 years in traditional agriculturists.

From the above, early puberty and an associated early start
of reproduction in Neolithic agricultural populations could
have resulted in differential reproduction, and thus a shift in
selection pressures favouring early maturing individuals.
Following Hassan’s (1973; 1978; 1979; 1981) and
Larsen’s (1987; 1990; 1995) approaches, in 1999 we
presented a processual model of skeletal adaptation and
long bones changes in the transition to agriculture (Piontek
1999a; 1999b; 2001). In this model we proposed that the
biological consequences of the Neolithization process should

30

25

% of Sample

20

15

10

5

0

3.0-3.4

3.5-3.9

4.0-4.4

4.5-4.9

5.0-5.4

Foragers (12)

5.5-5.9

6.0-6.4

6.5-6.9

7.0-7.4

Total Fertility

Horticulturalists (14)

7.5-7.9

8.0-8.4

8.5-8.9

9.0-9.4

9.5-9.9

Agriculturalists (31)

Figure 12. Comparison of the percentage distributions of total fertility between foraging, horticultural and agricultural populations (Bentley et al. 1993).
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Figure 13. Processual model of biocultural adaptation on the prehistoric Georgia coast (Larsen 1987; 1995).

be analysed as an outcome of the influence of two groups of
biological and sociocultural factors on early agriculturalist
populations (Figure 15). We concluded that:
1. In agreement with Larsen’s suggestions (1987; 1995), a
new adaptive strategy followed by Neolithic populations
had brought about a change in the orientation of adaptive
processes influencing individuals’ biological responses
to new types of socio-economic factors, such as: dietary

change, increased infection, disease, opportunity for child
labour, etc.
2. New adaptive strategy closely connected with a
significant transformation of the demographic structure
of early agricultural populations potentially favoured,
via the differential fertility of early and late maturating
individuals (given the context of the high fertility
rate), the rapid development of individuals with earlier
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Figure 14. Comparison of selected life-history parameters (Trinkaus, Tompkins 1990).
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Figure 15. Model of Upper Paleolithic – Neolithic transition based on changes in adaptive strategies from hunter/gatherers to agriculture (Piontek 1999).

maturation and reproduction. Such a process, occurring
in early agricultural communities, resulted in changes in
the gene pools of these populations and had a strongly
adaptive character, promoting genetic adaptation to new
socio-economic conditions. In order to demonstrate that
the changes identified above in body size and proportions
were of an adaptive nature (a higher reproduction of earlier
maturing individuals) we searched the relevant literature
for data indicating a relationship between maturational
pace and the shaping of body size and proportions. We
were seeking to identify whether earlier maturating (and
thus earlier reproducing) girls, differ with regard to body
shape and size from those maturing later.
7. T
 he Palaeolithic-Neolithic transition – an analysis of
microevolutionary trends
We have found significant differences in the body build,
body shape and limb proportions of the two most different
groups studied, the PGM Upper Palaeolithic and the LBPC
Neolithic populations. Upper Palaeolithic humans were
much taller and had more robust bones in comparison with
the LBPC Neolithic population. They had longer lower
limbs, a shorter trunk and extremely long forearm and crural
segments. Neolithic populations had a short trunk and lower
limbs and extremely short forearms and crura.
A more detailed analysis has shown that it is no longer
possible to analyse Upper Palaeolithic Homo sapiens
populations living before and after the glacial maximum as one

evolutionary group because they are markedly different both in
body size parameters and in the pattern of sexual dimorphism.
There are also differences in the morphological parameters
of individual regions of the upper and lower limb long bones
and bone proportions. While the PGM Upper Palaeolithic
population forms a distinct group in terms of all the examined
parameters, the LUP Upper Palaeolithic populations are in
various features fairly similar to the Mesolithic populations,
however, there are also significant differences among them.
Both the LUP and Mesolithic populations are smaller in
comparison with the PGM ones while their females are
relatively small and not particularly robust.
The degree of sexual dimorphism in the LUP Homo
sapiens is lower compared with the PGM populations with
its character being comparable to that of the Neolithic and
modern human populations, i.e., males are larger and more
robust, while females are smaller and more gracile.
We have found two types of body build and sexual
dimorphism among the Neolithic populations. The first
one, found in early pastoral populations, is fairly similar to
that of Mesolithic populations. The second one, typical of
the early agricultural Neolithic populations, is completely
different from both Palaeolithic and Mesolithic populations
and from the pastoral European Neolithic populations.
Early agriculturalists, represented in our study by the Linear
Band Pottery Culture populations and the Lengyel Culture
populations, were small with extremely robust males and
extremely small, relatively gracile females. Their tibiae were
relatively short, which could be linked with a relatively poor
living standard or with the frequent environmental stresses to
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which early agricultural central European populations were
typically exposed (Krenz-Niedbała 2000).
The Upper Palaeolithic populations have more robust
epiphyses and longer diaphyses. There are extremely
significant differences in the biomechanical structure
of the lower limbs between the Upper Palaeolithic and
Neolithic humans. The Upper Palaeolithic structure was
adapted to dynamic locomotion with the lower limb axes
situated maximally laterally. The Neolithic population had a
biomechanical structure adapted to a more static posture and
limited locomotion, and stressing of the lower limbs, with
the limb axes close to the axis of the body. In terms of the
biomechanical structure of the long bones, the Mesolithic
skeletal sample seems to be intermediate between the Upper
Palaeolithic and Neolithic samples.
As in the case of the body size, there is a marked difference
between the PGM and LUP populations in bone length,
and to a lesser degree in the biomechanical structure of the
bones. Again, certain similarities can be found among the
LUP, Mesolithic and early pastoral populations’ long bones.
However, there are also significant differences among the
LUP Upper Palaeolithic and post-Palaeolithic populations.
They are linked by a common morphology. The most important
differences exist between the proximal femur and distal tibial
morphology, which can be ascribed to the biomechanical
differences between Palaeolithic and Neolithic populations
summarised above (see also Vančata 1988; 1993; 1997;
Piontek 1999a; 1999b; 2001; Piontek Vančata 2002; 2004). In
this respect the Mesolithic morphology is quite similar to the
Neolithic one with typical adaptations to the more static type
of locomotion, which also corresponds to the reconstructed
behaviours of Mesolithic European populations.
The basic patterns of sexual dimorphism differ significantly
in these groups. PGM Upper Palaeolithic males were extremely
tall and relatively slim, while females were relatively small
and robust or even extremely robust. Males had particularly
long lower limbs, while females had relatively shorter ones.
The PGM Upper Palaeolithic females were much smaller but
also much more robust compared with the males. This pattern
of sexual dimorphism is extremely rare in recent human
populations.
The pattern of sexual dimorphism is remarkably different
among the PGM and LUP Upper Palaeolithic populations. The
LUP males are much smaller and less robust in comparison
with the PGM males, while the LUP females are smaller and
significantly more gracile than PGM females. Additionally,
the character of sexual dimorphism in bone proportions
differs significantly among the PGM and LUP populations.
And again, marked similarities can be found among the
LUP, Mesolithic and CWC populations with the exception
of biomechanical features (see: the Morphological evidence
section) which are similar among the Mesolithic and CWC
Neolithic populations. The LBPC Neolithic population has
a specific pattern of sexual dimorphism, with hyper-robust
small males and extremely small gracile females.
The LBPC Neolithic males were relatively small and
robust, while females were extremely small and more gracile
38

compared with males. Size dimorphism is somewhat smaller
in the LBPC LC Neolithic populations in comparison with
the PGM Upper Palaeolithic ones.
Thus, there have been two basic evolutionary trends
in body size and body shape changes during the origin of
Neolithic populations. Populations with pastoral/horticultural
economies (e.g., CWC Neolithic groups) had a body size and
shape particularly similar in many features to the Mesolithic
and also to the LUP Upper Palaeolithic group. In this respect
the early agricultural populations (e.g., LPBC or LC Neolithic
groups) represent groups with a new morphological pattern,
having an extremely different body size and shape from both
Mesolithic and pastoral Neolithic groups.
8. Discussion
Different sample size is one important aspect of any such
investigation. While the number of Upper Palaeolithic
skeletons obtained from a single site is usually small and the
skeletons usually incomplete, the availability of relatively
large numbers of Neolithic individuals is not uncommon.
This is one of the reasons why we do not stress the
significance of an individual population and its specific
features in our study. Instead, we focus on Neolithic
populations with similar adaptive strategies, such as
early agriculturalists or pastoralists from the Central
European region. For these reasons we do not take into
account hypothesized migrations or the regional origins
of a given culture, which is usually the case in detailed
studies of Neolithic populations. In this sense, we also
apply a “classical” palaeoanthropological and evolutionary
anthropological approach to the analysis of Neolithic
populations.
As regards the number of measurements, it is evident
that it was impossible to take the entire set of potential
measurements for all the skeletons examined, particularly
for the Upper Palaeolithic material (cf. also Holliday 1995).
The set of measurements taken from the literature was more
limited than that used in our metric description of long
bones for the reconstruction of body size and body shape
(Vančata 1988). Nevertheless, data from the literature were
quite sufficient for computing proportions and body size
parameters, which were usually estimated from three or
more morphological traits.
There is also a problem regarding the sexing of fossil
samples and the possibility of regional differences between
the samples. Sexing skeletons is a general problem for
biological anthropology, namely for palaeoanthropology and
historical (archaeological) anthropology, where morphology,
and consequently also the morphological patterns important
for sexing, may be very different in their expression
from those characteristic of contemporary populations.
Fortunately, analyses of fossil human populations reveal
that there is a greater degree of sexual dimorphism than that
characteristic of recent human populations. This enabled
us to use a combination of size sexual dimorphism and
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morphological sexual dimorphism, which is particularly
effective in the case of the Upper Palaeolithic populations.
In the majority of cases we took sex determinations
from the original publications or from Museum catalogues;
subsequently verified (or changed if necessary) by
multivariate methods. Moreover, we have analysed basic
regional differences for the Upper Palaeolithic populations
(Vančata 1997; 2000) which has demonstrated the correctness
of our definition of the pattern of Upper Palaeolithic sexual
dimorphism.
The third problem regards the accuracy and consistency of
the reconstruction of body height and body mass. The issues
surrounding their estimation in fossil human populations has
been discussed many times (e.g., Bach 1965; Feldesmann
et al. 1989; 1990; Feldesman, Fountain 1996; Formicolla
1983; 1993; Formicolla, Franceschi 1996; Formicolla,
Giannecchini 1999; McHenry 1991; 1992; Ruff et al. 1997;
Ruff, Walker 1993; Sjøvold 1990; Vančata 1996; 1997; 2000;
2003; 2005; Wolpoff 1983). The precision and reliability of
reconstructing body height, and eventually the body mass of
fossil hominids has been dealt with in a number of studies
(see, e.g., Formicolla 1993; Formicolla, Giannecchini 1999;
Ruff, Walker 1993; Vančata 1997; 2000).
In our opinion, however, the main issue is not the precision
of a given method as such but rather the lack of comparability
between the various methods proposed, this being the
main problem for palaeoanthropological and evolutionary
anthropological studies. Each method, in fact, is based on a
different sample and on a different regression formula.
This situation results in complete confusion, both in the
data published by various authors for the same population
and – which is much worse – in comparing what are, in
fact, non-comparable results in evolutionary studies. While
palaeoanthropologists have moved towards using more
precise methods of body height estimation, based on the MA
or RMA regression methods (Feldesmann et al. 1989; 1990;
Feldesman, Fountain 1996; Jacobs 1993; Sjøvold 1990),
historical anthropologists continue to use formulae based
on the least square methods (e.g., Formicolla 1983; 1993;
Formicolla, Franceschi 1996) with a priori determination of
the sex of a studied individual.
A number of investigators use methods employing formulae
based on body height to estimate body mass (Jungers,
Stern 1983; Ruff, Walker 1993; Wolpoff 1983), while others
use standard methods based on morphological parameters
such as femoral head or cross-sections (Jungers 1988;
McHenry 1988; 1992). The results of such studies are often
contradictory, because they use only partial information,
preferring to obtain a high number of estimates rather than
assure their comparability (Myszka et al. 2012).
While it is possible to determine height in fossil human
populations in certain cases (see Formicolla 1993, Formicolla,
Giannecchini 1999), and the most appropriate method can be
assessed (although only for a given population), there is no
such possibility with regard to body mass estimates.
This is the reason why we have employed our own
approach to estimating both body height and body mass,

which is perhaps less precise for particular individuals, but
which enables us to obtain a reliable estimate of population
variability, and carry out a consistent comparative analysis.
However, we must keep in mind that we cannot legitimately
say that body height and body mass for a given population are
precise values; rather they represents mid-points for the most
reliable estimates for the population under study. Similarly,
we must keep in mind that it is impossible to estimate
particular values of, for example, subcutaneous body fat, so
that estimated body mass is always an optimum value.
One of the most important features of this approach is that
we estimate not only body height and body mass but also their
relations, for example the skeletal body mass index. This is
informative with regard to general body build for a given
population, and thus is extremely important for understanding
the nature of sexual dimorphism in the population. All the
estimated parameters are never as precise as the original
measurements but are integrative parameters, summarizing the
characters of various parts of the postcranium that are directly
comparable for any sample, because we are using the same
approach and the same method for each individual studied. In
this way, we can easily analyse important ecological features
such as body size, body shape and limb proportions in relation
to any social and/or environmental factors.
The fourth issue regards the dating of the fossil finds,
and relevant ecological and archaeological evidence for
the model. Estimated dates for the fossil samples, and other
populations, have been taken from the literature (see e.g.,
Holliday 1995; 1997; Jankowska et al. 1999; Ruff et al. 1997;
Vančata 1997), which we assume to be relatively accurate.
However, this study is an evolutionary anthropological one
and dating issues are beyond its scope. In this sense, the
archaeological and palaeoecological evidence for the model
is much more important than the dating itself.
9. Conclusions
We have found significant differences between the preglacial Upper Palaeolithic populations and early agricultural
Neolithic populations in: 1. body size, body shape and limb
proportions; 2. basic biomechanical limb parameters and
limb robusticity; 3. sexual dimorphism, in both body size
and shape, and in proportions and biomechanical structure
of limbs.
The process of body reshaping from body shape of PGM
Upper Palaeolithic populations to that typical for Neolithic
early agriculturalists was not rapid, but proceeded in two
steps – the LUP and Mesolithic phases – which were probably
closely related to changes in the ecology of individual
populations influenced by factors such as the size of game,
availability of food resources, structure of the territory,
social structure and reproduction rate. We have also found
that the Mesolithic, being a typically European rather than
universal phenomenon, can be substituted in certain regions
with the early pastoral phase, as a similar type of ecology can
be assumed on the basis of the above-mentioned criteria.
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The differences observed between Upper Palaeolithic and
Neolithic populations are a result of multiple biological and
cultural factors which combined the effect of a new adaptive
strategy and subsistence pattern. This strategy promoted a high
fertility and mortality rates in agricultural populations, and
we can assume that natural selection most probably operated
on early agricultural Neolithic populations by differential
fertility of slower and faster developing individuals. In
the transition to agriculture we observed differences of the
same type as the differences between the slower and faster
developing individuals in contemporary populations. This
trend in body form changes is a major evolutionary event,
since this shift of the ontogenetic pathway must have had a
strictly genetic basis.
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