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Bifaces in plain sight: testing elliptical Fourier analysis in identifying reduction
effects on Late Middle Palaeolithic bifacial tools

Kamil Serwatka

Abstract

Kivonat

Nowadays, geometric morphometrics are being widely implemented in lithic studies. Their application is driven
by the powerful methods of data analysis offered by morphometric computer software. Additionally, computer
programs for digital shape analysis are freeware and easy to handle, even for a non-morphometrician. The results
achieved with this software yield interesting conclusions and they offer a new perspective on lithic tools. This
presents morphometrics as a potentially useful methodological tool in the field of lithic analysis, which often has
to deal with artifacts morphology. The aim of this study is to test the utility of basic shape analyses included in
the PAST (Palaeontological Statistics) computer program, and especially elliptical Fourier analysis, in identifying
reduction effects on Late Middle Palaeolithic bifacial tools. For this purpose, an assemblage of 147 bifacial tools
from Southern Poland was analyzed. The sample comprised of Keilmessergruppen handaxes, Keilmesser and Late
Middle Palaeolithic leaf points. The results reveal patterned changes in artifacts proportions, which may have
been caused by continuous resharpening/reduction as well as by gradual alteration of tools design, due to their
changing function.

A bifacialisok sikjan: a kéeszkdz redukcio hatasanak mérése a késéi kozépsé paleolitikum bifacialis
eszkozein elliptikus Fourier analizis segitségével

A geometrikus morfometria ma széles korben alkalmazott mddszer a kéeszkoz kutatasban. Alkalmazasanak f6
mozgatérugoja a szamitogépes szoftverekben rejlé hatékony adatelemzés lehetdsége. A hatékonysagon tdl a digi-
talis formaelemz6 szoftverek ingyenesek és konnyen alkalmazhatdk, még azok szamara is, akik nem morfometriai
szakemberek. A szoftvert alkalmazva érdekes eredményekre tarthatunk szamot, ami a k6eszkozok értékelésének
Gj perspektivait nytjtja. A morfometria a kdanalizis morfolégiat érint6 kérdéseit illetGen hasznos maddszer lehet.
E tanulmany célja a PAST (Palaeontological Statistics) szoftver ,elliptikus Fourier analizis” alkalmazasanak tesz-
telése a kés6i kozépso paleolitikum bifacialis eszkozein. 147 lengyelorszagi bifacidlis eszkodzt vontunk vizsgalat ala,
hogy megallapitsuk forma és kGeszkoz redukcid kapcsolatat. A mintat Keilmessergruppe szakocak, Keilmesser-ek és
kés6 kozépsd paleolitikus levélhegyek alkottak. A vizsgalat a formai aranyok valtozasaban sajatos mintazatokat
talalt, ami utalhat folyamatos ujraélezésre/redukciora, illetve az eszk6zok dizajnjanak fokozatos médositasara,
ami az eszkozok funkcidjanak valtozasaival fiigghet Gssze.

Keywords

Kulcsszavak

Late Middle Palaeolithic, geometric morphometrics, Keilmesser, handaxes, leaf points

Késdi kozépsd paleolitikum, geometrikus morfometria, Keilmesser, szakdocdk, levélhegyek

Author / Szerzé
Cite as / Hivatkozas
Article history /

Kézirat torténet

Copyright / Jogok

Institute of Archaeology, Wroclaw University, 48 Szewska Street, PO BOX 50-139 Wroclaw, Poland
Email: kamserw@gmail.com

Serwatka, K. (2015) Bifaces in plain sight: testing elliptical Fourier analysis in identifying reduction effects on
Late Middle Palaeolithic bifacial tools. Litikum 3: 13-25. https://doi.org/10.23898/litikuma0009

Received // Erkezés: 2015. 02 . 04. Accepted // Elfogadas: 2015. 09. 25. Published // Kozzététel: 2015. 11. 16.

© 2015 Serwatka. This is an open-access article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
author and source are credited. / Ez egy nyilt hozzaférés( publikacid, amit a Creative Commons 4.0 licensze véd.
A termék szabadon hasznalhato, terjeszthets és sokszorosithatd az eredeti szerzg és forras megjel6lése mellett.

1. Introduction

During the past few years, landmark-based morphomet-
rics were repeatedly applied as a methodological tool in nu-
merous lithic studies (i.e. Buchanan-Collard 2010; Lycett
et al. 2010; Iovita 2009; Charlin-Gonzalez-José 2012; Eren-
Lycett 2012). Nowadays, geometric morphometry is used as

an aid in artefact classification (Buchanan et al. 2007), for
the evaluation of the morphological diversity of lithic as-
semblages (Azavedo et al. 2014) or as an indicator of the re-
duction effects on stone tools (Iovita 2011; Thulman 2012).
This considerable dissemination of geometric morphome-
try in lithic studies is most likely caused by the promise of
powerful statistical methods of shape analysis offered by
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Figure 1. Types of bifacial artifacts considered in the study. a: Keilmesser; b: handaxes; c: LMP
leaf points (after Koztowski 2006; Cyrek 2002; Chmielewski 1961). //

1. abra. A tanulmanyban emlitett bifacialis eszk6zok. a: Keilmesser; b: szakocék; c: levélhegyek a késé ko-
zéps6 paleolitikumbol Koztowski 2006; Cyrek 2002; Chmielewski 1961. nyoman.

various morphometric software and a relatively easy way
of handling of those specialized computer programs.

Due to the emphasis, which geometric morphometry puts
ontheoverall shape of analyzed objects, lithic studiesinvolv-
ing morphometrics often focus on bifacial tools. Of all other
stone tools, bifaces were made by shaping comparatively
large raw material blanks into desired forms. This process
may have incorporated the utilization of imposed patterns
of artifacts design (or the so called “mental templates”), as
well as individual concepts of tool making (Wenban-Smith
2004). There exists a widely accepted notion, that bifaces
contain information transcending beyond simple require-
ments of lithic technology or utilitarian needs (Wynn 1996;
Kohn-Mithen 1999; Porr 2005). Some researchers agree that
even the oldest known bifacial tools were made with a sense
of foresight and planning, and that the process of their pro-
duction may have involved the use of complex cognitive
abilities (i.e. Gowlett 2006; Feliks 2008). This encourages
many scholars to use geometric morphometrics in bifacial
tools analyses. Given the computing capabilities of morpho-
metric software, it is possible to compare shapes of many
objects simultaneously and to seek out patterns in their
shape variability, which are hard to grasp using standard
metric attributes. Given these advantages, morphometrics
stand out as an accurate analytical tool, which can yield po-
tentially interesting results.

Geometric morphometrics are commonly used within the
case studies regarding finely crafted bifaces, such as Pale-
oindian points (see references above). There have been
approaches dealing with Lower and Middle Palaeolithic
handaxes as well as Keilmesser in this manner (for example
the works by Costa 2010; Iovita 2009, 2010, 2011; Iovita—
McPherron 2011), but such approaches still seem scarce.

Lower and Middle Palaeolithic bifacial tools are often highly
variable due to their general asymmetry and they hardly fit
into typological terms. Particular difficulties in the process
of the identification and classification of Middle Palaeolith-
ic bifacial artifacts can be observed by looking at the state
of the research on Keilmessergruppen handaxes and backed
knives (subsequently Keilmesser) (i.e. Hauser 1916; Bosinski
1967; Sobczyk 1975; Richter 2000, 2002; Ruebens 2006). Given
the strong inclination towards the production of various bi-
facial tools in this cultural unit, it is often hard to distinguish
artifact types, since one form merges into another. Despite
these difficulties there exists a strong notion that Middle
Palaeolithic stone tools, and especially Keilmesser, were fre-
quently resharpened and reworked, which is considered
one of the main reasons for their diversity (Dibble-Rolland
1990; Joris 1994, 2001; Richter 1997; Pastoors-Schafer 1999;
Pastoors 2001; Migal-Urbanowski 2006). Bearing in mind
the value of the studies listed above, it should be empha-
sized that most of them are based on scar pattern analysis.
Despite the utility of this method in terms of understanding
of stone tools use life, scar pattern analysis carries a heavy
load of arbitrariness. The recognition of scar pattern align-
ments is mostly carried out using qualitative traits, which
serve as an indicator of the alleged subsequent stages of
reduction. In the author’s opinion, relying solely on such
criteria can lead to the misperception of reduction as an im-
posed scheme and as something that, eventually, must have
happened to all tools with specific morphology.

The first aim of this paper is to test whether the typolog-
ical categories such as handaxes, Keilmesser and leaf points
coincide with the results of geometric morphometric anal-
ysis. It is important that we know if in the perspective of a
statistical shape analysis LMP bifacial tools remain separate
classes. This doubt stems on the fact that most geometric
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morphometrics recognize shape of objects only as a two di-
mensional outline (Zelditch et al. 2004). The other problem
is that archaeologists often use subjective terms of shape
description in their classifications. This may lead to in-
tra-observer errors and cause discrepancies between the
outcome of classification and the result of a strictly quanti-
tative analysis. If this result will be positive, the second ob-
jective will be to evaluate whether there are any indications
of reduction effects in the studied assemblage. This con-
cerns mainly Keilmesser, but also handaxes. The author ex-
pects that the effects of reduction should appear only on the
maintainable, or “active” parts of tools (see below) and they
should occur as diminishing of these active parts.

2. Keilmessergruppen handaxes

The most descriptive model regarding handaxes reduction
through resharpening was created by S.P. McPherron (1995,
1999, 2000, 2003). It was originally developed for Acheulean
large cutting tools, but the model is sufficiently broad to be
used for other forms of handaxes as well. By studying the
African Acheulean handaxe assemblages, McPherron no-
ticed, that most specimens show a pattern of reduction in-
volving mainly the rejuvenation of the tip. This resulted in
the transition from pointed to oval morphology in handax-
es shape (McPherron 1995, 1999).

Considering Keilmessergruppen handaxes, the observations
made by M. Urbanowski (2009) are worth mentioning. He
had noticed, that some preforms with handaxe-like mor-
phology from Wylotne Rockshelter were reworked into
Keilmesser by breaking off one of the edges (the so called
“Wylotne method”).

2.1. Keilmesser

Keilmessergruppen backed knives were first recognized as a
separate typological category by S. Krukowski (1939-1948).
Later on they were formally defined by W. Chmielewski
(1969). Initially, one of the most distinctive features of these
artifacts was the paraburin scar resulting from a blow made
at the distal end of the tool. This ‘Pradnik technique’ proved
to be a convergent technical feature, which emerged inde-
pendently in geographically distinct regions, probably as a
method of resharpening the working edge (Schild-Wendorf
1977; Marks et al. 2002; Solecki-Solecki 2004).

Keilmesser are highly variable in terms of morphology (Fig.
1: a), which is partly conditioned by the form of accessible
raw material blanks (Joris 2006: fig. 6). Another widely ac-
cepted idea is that the reason for such great morphological
diversity of these implements was the recurrent rejuvena-
tion of the working edge. Several studies were dedicated to
the problem of Keilmesser rejuvenation (i.e. Joris 1994, 2001;
Pastoors-Schdfer 1999; Pastoors 2001). Regarding the stud-
ied sample, the experimental approach by W. Migal and M.
Urbanowski (2006) occurs as the most relevant. Accord-
ing to the results obtained by the mentioned authors, the
consecutive repairs would significantly alter the propor-
tions of Keilmesser. The most obvious outcomes would be:

diminishing of Keilmesser elongation, alteration of the shape
of the working edge (from convex to straight to concave),
diminishing of the angle between the base and the working
edge (extending the asymmetry of the tool).

3. The reduction/resharpening concept

The idea that Middle Palaeolithic tools were resharpened
derives from the work of American researchers, particu-
larly N. Rolland (1988) and H. Dibble (1984; 1987; 1995). Re-
sharpening seems to be a natural outcome of the utilization
of at least some of the stone tool forms. Among the most
important factors affecting the occurrence of resharpening
in bifacial tools, most researchers point out the availability
of good quality raw materials, the distance to their nearest
outcrops and the intensity of hunter-gatherer mobility (i.e.
Shott 1995; Shott-Weedman 2007; Kelly 1988). According to
Middle Palaeolithic contexts, most of these information are
often not available due to the fragmentariness of archae-
ological data. Because of this difficulty, the researches in-
volved in this subject often focus on individual artifacts and
their assemblages.

According to the reduction concept, some lithic tools will
represent a spectrum of reduction stages, which is charac-
terized by patterned alterations of morphology in compar-
ison to the initial forms. These changes depend mainly on
the continuous depletion of stone material in the process of
rejuvenation of the maintainable parts of stone tools. Based
on technical analyses, these sections are sometimes re-
ferred to as “active” parts in contrast to the “passive” areas
(sensu Boéda 2001), which were rarely or never modified by
knapping.

Depending on the wear intensity, resharpening would
eventually affect the geometric properties of a tool causing
the change of its proportions. If the bifaces considered here
were actually continuously reduced, then the pattern of this
reduction should be captured by superimposing all speci-
mens and performing the principal component analysis.

4. Materials

The main sample consists of handaxes (N=42) and Keilmesser
(N=51). Their outlines were obtained by scanning the illus-
trations included in the monographs of the main Late Mid-
dle Palaeolithic sites in Southern Poland, namely Wylotne
Rock shelter, Bisnik Cave and Pietraszyn 49 (Table 1). This
procedure was applied also by A. Costa who used illustra-
tions of bone and stone bifaces from Castel di Guido or R.
Iovita, who used drawings of Stelmoor points as a compar-
ative sample in his study regarding Aterian tanged points
(Costa 2010; Iovita 2011).

All the stratified sites from which the studied artifacts de-
rive are homogenous in terms of assemblage integrity and
stratigraphical sequences. The only exception is Pietraszyn
49, where lithic artifacts were discovered in a secondary de-
posit. Despite this fact, the overview of the composition of
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Number of
specimens

Stratigraphic

< Reference
unit

ESiesle Raw material Site type
category
Wylotne Jurrasic flint rockshelter
Handaxes ) o )
Pietraszyn 49 Erratic flint open air
Bisnik Jurrasic flint cave
Wylotne Jurrasic flint rockshelter
Pietraszyn 49 Erratic flint open air
Keilmesser
Pietrowice Wielkie 8  undetermined  surface find
Cyprzanow 3 undetermined  surface find
Nietoperzowa Cave  Jurrasic flint cave
Leafiraints Ehringsdorf Jurrasic flint cave
Mauern Jurrasic flint cave
Sum

(N)
5,6, 8/7 ca. 100-60 ka BP 38 Koztowski 2006
. Fajer et al.
undetermined 4 2001
5/6 67+15 ka BP 8 Cyrek 2002
5, 6,8/7 ca. 100-60 ka BP 32 Koztowski 2006
. Fajer et al.
undetermined 8 2001
. Fajer et al.
undetermined 1 2001
. Fajer et al.
undetermined 1 2001
Chmielewski
6, 5a, 4, 30-38 ka BP 25 1961
undetermined 18 Kot 2013
4,5 ca. 60-28 ka BP 12 Kot 2013
147

Table 1. List of materials used in the study. // 1. tablazat. A tanulmanyban bemutatott kéeszkzok.

artifact types from Pietraszyn 49 and their technical fea-
tures confirms the LMP character of this assemblage and its
affiliation to the Central European Keilmessergruppen.

For comparative purposes, an assemblage of 54 LMP leaf
points was used as a correlative sample. The reason for
choosing such comparative standard is that LMP leaf points
are not very distinct from Keilmessergruppen bifaces in
terms of chronology and their origin (Richter 2008-2009),
yet they represent a more advanced bifacial technology. In
the authors opinion, including leaf points in the sample will
provide an interesting analogy. The studied points derive
mostly from well investigated, stratified sites like Nietoper-
zowa Cave and Mauern (Table 1).

The sample is suitable for testing the hypothetical re-
duction trajectories of Keilmessergruppen bifaces. The sub-
sequent typological groups contain artifacts of different
shapes and sizes, which allows for tracking the hypothetical
reduction patterns. The author followed the classification
presented in the monographs (Table 1). Secondly, the stud-
ied assemblages come from different types of sites (cave and
open air), which gives a more comprehensive view on arti-
facts variability.

5. Methods

5.1. Artifact orientation, digitization and
superimposition

The author used a standard geometric morphomet-
ric method of outline shape analysis based on landmarks
(Zelditch et al. 2004: 23). Before the actual analysis a set of
procedures, generally consisting of data processing, had to
be carried out. They are important for the understanding

of the methodology of this study, therefore will be now
described.

To project the outline shape, illustrations of the artifacts
were scanned with a Canon CanoScan LiDE 210 scanner at
400 dpi. The image of each artifact was extracted as a single
jpg file and oriented in GIMP according to its axis of symme-
try. To allow further comparisons between shapes all out-
lines had to be oriented in the same manner. The method
of orientation applied in this study was first described by
McPherron and Dibble (1999) and later improved upon by
Costa (2010). In it all the bifaces are oriented around their
long axis of symmetry, so that the longest orthogonal lines
drawn from a central line were equal in length (Costa 2010:
Fig. 2.1b). The tip of a biface was used as the point from
which the outline was drawn along the biface’s perimeter.
This outline will then be transformed into a set of equidis-
tant landmarks (see Fig. 2).

After performing the orientation, a thin plate spline file
was created in TpSutility program (Rohlf 2006). This stores
all the images in one tps file and allows a further digitiza-
tion of the images. The tps file with all the images was then
opened in TpSDig (Rohlf 2004), a program used mainly for
placing landmarks on specimens.

In natural sciences, when the morphology of living or fossil
organisms is taken into account, landmarks are often placed
on relevant biological structures (e.g. Querino et al. 2002).
Of course one can do the same for lithic artifacts by plac-
ing landmarks on the tip or base, but this way the complex
shape of bifaces would be reduced to just a few landmarks.
In the studied case the best way to capture the outline shape
is to set a number of landmarks around the perimeter of
an artifact by mapping its contour. To allow further com-
parison between the tool shapes, the landmarks must cor-
respond to each other, i.e. they need to be placed at equal
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Figure 2. Landmark configuration and the position of all the specimen outlines after conducting the Procrustes superimposition. //

2. abra. A jeldletek konfiguraciodja és az 6sszes vizsgalt darab kdrvonaldnak helyzete Procrustes megfeleltetés elvégzése utan.

distances from each other and according to a standardized
configuration. Using the TpsDig outline tool it is possible to
draw an outline from the tip, along the perimeter of an ar-
tifact, and then transform it into a set of equidistant land-
marks (Costa 2010). The number of entered landmarks is left
for the user to choose. Costa used seventy-five points (Costa
2010: 27), while Tovita employed sixty landmarks (lovita
2009). These numbers are chosen on a trade off between the
labour-cost of hand-digitizing and the accurate delineation
of artifacts shape. I decided that 100 landmarks would de-
scribe the outline shape with a greater accuracy, since LMP
bifaces contain large natural surfaces and are often irreg-
ular. After assigning the landmarks for each specimen, the
tps data was opened with PAST (Palaeontological Statistics),
a program enabling statistical shape analyses (Hammer et
al. 2001).

Landmarks are subject to several kinds of displacements
in two-dimensional space, such as rotation and translation
(Richtsmeier et al. 2002). These may affect the correct orien-
tation of specimens and cause errors during a comparison of
artifacts shapes. One should also bear in mind that some of
the digitized outlines were represented in a different scale
than the others. To eliminate these changes in landmarks
position a Procrustes analysis must first be conducted. Pro-
crustes analysis is a set of mathematical operations which
transforms the matrix of XY coordinates so that translation,
rotation and the difference of scale is eliminated from the
assemblage (Rohlf-Slice 1990) (Fig. 2). Additionally all out-
lines are superimposed around a centroid, which is the 0,0
coordinate on the XY axis (Hammer et al. 2001). This oper-
ation subtracts the mean shape referred to as “consensus”
from all the coordinate values, allowing for further track-
ing of shape deformations of specimens in relation to the

consensus shape. Superimposition scales bifaces dimen-
sions to a common centroid, equalizing their size, while pre-
serving the original shape (Jungers et al. 1995).

5.2. Principal component analysis (PCA) with 95%
prediction ellipses

In geometric morphometrics, PCA is a frequently used
method of statistical shape analysis. It allows simplification
of complex patterns of shape variation, making them easier
to interpret. In the studied case, PCA is applied to recognize
shape changes which are caused by continuous resharpen-
ing of lithic tools.

The set of landmarks is a KxM matrix, that is, a matrix of
K number of landmarks in M dimensions (Dryden-Mar-
dia 1998). It is expected that some regions of the tool out-
lines will overlap since they generally belong to the same
typological category, but patterns of their variation and co-
variation are often complex and difficult to interpret. The
purpose of PCA is to simplify those patterns and make them
easier to interpret by reducing the number of shape varia-
bles (Zelditch et al. 2004: 156). PCA transforms the matrix of
landmarks so that most of the variation is described by two
hypothetical variables, the so called principal components,
which are the X and Y axes on the PCA plot.

To test the accuracy of observations, a 95% ellipse will be
applied as a supplement to the PCA analysis. The ellipse is
drawn based on the assumption that the data is subjected
to a two-dimensional normal distribution. The orientation
of an ellipse depends on the correlation coefficient between
the variables, for example, the longer axis of an ellipse is
approximately imposed according to the regression line of
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Figure 3. Diagram of the cluster analysis with the Ward’s method.
// 3. abra. A klaszteranalizis dendrogramja (Ward metodus).

values. The probability that a new value will fall in the range
of the ellipse (for instance 0.95) is the parameter determin-
ing its size (Tracey et al. 1992).

5.3. Cluster analysis with the Ward’s method

In order to determine whether the subsequent typological
categories established for the analysed bifaces comply with
the results of geometric morphometric analysis, the au-
thor decided to conduct a cluster analysis. In natural scienc-
es, it is a common way of organizing samples of specimens,
which are characterized by high variability. The cladistic
analysis groups together specimens, which are most similar
in terms of their outline shape, and leaves out those which

differ. By that, it forms a hierarchical tree diagram of clus-
ters, which are spaced by taxonomic distance (Kaufman-
Rousseeuw 1990). In the author’s opinion, the best variant
of cluster analysis for dealing with the problem discussed
here is the Ward’s method (Ward 1963). Basically, it looks
at cluster analysis as an analysis of variance problem, in-
stead of using distance metrics or measures of association.
It looks for groups of specimens that it forms into branch-
es, the branches into limbs and eventually into the trunk (de
Amorim 2015). If Keilmesser, handaxes and leaf points will be
recognized as separate categories, the outcome should be a
set of three clusters comprising the outlines of subsequent
types of artifacts.

5.4. Elliptic Fourier analysis (EFA)

This is a method of shape analysis in landmark-based mor-
phometrics. EFA is based on the results of principal com-
ponent analysis by following the patterns of regression of
shapes designated by 95% ellipses.

In standard landmark-based morphometrics, the shape of
an object is defined by a set of landmarks with relevant co-
ordinates located in two dimensional space (Richtsmeier
et al. 2002). Elliptic Fourier turns closed curves designated
by landmarks into linear combinations of sinusoidal func-
tions with appropriate multiplicators (amplitudes) (Kuhl-
Giardina 1982; Ferson et al. 1985). By doing so, EFA serves as
amore dynamic approximation of shape changes among the
studied specimens, especially when these changes are ex-
pected to be gradual (such as continuous reduction of lithic
tools). The quality of these approximations can be adjust-
ed by changing the number of amplitudes or harmonics. In-
creasing their number will simply increase the accuracy of
shape representation, but the important thing is to select a
trade off between the accuracy of the representation and
the level of complexity of the analysis. Examining artifacts
shapesin a general manner can aid in finding more compre-
hensive patterns of reduction. In this study, the author have
set the number of harmonics at 5, which gave an accurate
overall representation of artifacts form.

6. Results

6.1. Cluster analysis with the Ward’'s method

The resulting clusters generally correspond with the ty-
pological categories established for the LMP bifacial tools.
When setting a brake in the middle of the hierarchical dis-
tance (0.80), we observe that three, well defined clusters of
sizes 72, 36 and 37 emerge on the diagram (Fig. 3). The great-
est overlap appears between the assemblages of handax-
es and Keilmesser, since they have been grouped into one,
larger cluster at a distance of 0.96. The cluster of leaf points
is best defined, since it forms a branch of the highest tax-
onomic level, which splits up approximately at a distance
of 0.70. The other branch forms a cluster comprising of leaf
points and also some handaxes and a few Keilmesser.
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Knives Handaxes Leaf points
PC Eigenvalue % variance PC Eigenvalue % variance PC Eigenvalue % variance
1 0.0049351 37.169 1 0.004922 53.873 1 0.0041795 66.185
2 0.0030593 23.041 2 0.0014226 15.57 2 0.000665 10.531
3 0.0016673 12.557 3 0.001092 11.953 3 0.0004884 7.7349
4 0.0010285 7.7463 4 0.0004367 4.7801 4 0.0002431 3.8494
5 0.0005537 417 5 0.0003116 3.4109 5 0.0001435 22717
6 0.0004958 3.7341 6 0.0001802 1.9728 6 0.000112 1.7741
7 0.0003602 2.7131 7 0.0001703 1.8643 7 7.82E-05 1.2376
8 0.0002323 1.7494 8 1.00E-04 1.0941 8 5.76E-05 0.91152
9 0.0001891 1.4246 9 9.10E-05 0.99559 9  4.73E-05 0.74897
10 0.0001373 1.0344 10 6.23E-05 0.68244 10 4.23E-05 0.67056
11 0.000132 0.99426 11 5.93E-05 0.64853 11 3.64E-05 0.57634

Table 2. Eigenvalues and the percentage variance of the selected principal components generated for each typological group. //

2. tablazat. Az egyes tipologiai csoportok fokomponensei a hozzajuk tartozé szazalékos varianciaval és sajatértékekkel.

6.2. Principal component analysis

The first two principal components describe 56.021% and
18.544% of the whole variance and only those PCs were
taken into account during elliptic Fourier analysis (Table 3).
To get a more comprehensive view on the distribution of
specimens, also PCs two and three were taken into account,
since their percentage variance is also of significant quan-
tity. The number of generated PCs is equal to the number of
all specimens (N=147), but most of them hold very little of
the overall variance, therefore a number of eleven PCs was
presented in tables 2 and 3 for comparative purposes.

To compare the eigenvalues and the percentage variance
between the assemblages, a set of eleven principal compo-
nents was also generated for each typological group (Table
3). The percentage variance values indicate that leaf points
are the most uniform group in terms of outline shape, as
the first two principal components describe 76.716% of the
overall variance. Knives are the most variable typological
group in which the values of the percentage variance are
more evenly distributed between the individual principal
components. This implies that there is no clear trend in the
distribution of their outline shapes.

PC1 axis shows the regression of the most expanded tool
shapes towards the most contracted ones. It is hard to define
the range of distribution shown by PC2 since there are too
few specimens scattered according to this principal compo-
nent (Fig. 4). Most of the knives are distributed according to
PC2, but the reason for this arrangement is unclear.

The distribution of specimens according to PCs two and
three presents a different view on the outline shapes var-
iability. In this arrangement, most Keilmesser are scattered
according to component two, while handaxes and especial-
ly leaf points, form a tight cluster at the center of the plot.
Most Keilmesser are scattered randomly and without any
pattern of distribution. In this arrangement, tools made out
of large blanks, with only initial bifacial retouch along the
edge are placed in the same range of values as knives with
all over bifacial retouch and a concave working edge, which
could be considered as exhausted.

PC Eigenvalue % variance
1 0.0082381 56.021
2 0.002727 18.544
3 0.0010987 7471
4 0.0007311 49715
5 0.0004667 3.1737
6 0.000329 2.237
7 0.0002065 1.4043
8 0.0001453 0.98826
9 0.0001228 0.83532

10 8.07E-05 0.54844

11 7.08E-05 048119

Table 3. Eigenvalues and the percentage variance of the selected
principal components generated for Keilmesser, handaxes and leaf
points altogether. //

3. tablazat. A Keilmesser, szakoca és levélhegy tipoldgiai csoportok
Osszesitett fékomponensei a hozzajuk tartozé szazalékos varianciaval
és sajatértékekkel

Interestingly, according to PC two and three, assemblag-
es of handaxes and leaf points overlap and are distributed
almost in the same range of the plot (Fig. 5). The 95% ellip-
ses designate a range from crudely shaped specimens, clus-
tered in the lower-right part of the plot to finely shaped,
elongated handaxes and leaf points, which were placed on
the opposite side of the ellipses range. Some handaxes fall
out from the range of the prediction ellipse. Curiously, all
of these are specimens from Wylotne, which are very simi-
lar to each other. They have straight working edges, a broad,
straight base and their outline resembles an isosceles trian-
gle (see Fig. 1: b, specimen in the middle).

6.3. Elliptic Fourier analysis

The set of Keilmesser outlines was not involved in the EFA,
since there were no indication of any reduction pattern in
their assemblage. The results of EFA for handaxes show,
that there is a significant pattern of shape change consist-
ing of the transition from specimens with rounded or ir-
regular edges to handaxes with slightly concave contour in
their midsection and a pronounced tip (Fig. 6). This pattern
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Figure 5. Plot of the PCA analysis for PC two and three with 95% ellipses. //
5. abra. A masodik és harmadik fékomponens diagramja 95%-os ellipszisekkel.
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Companent 2

Component 1

Figure 6. Results of the elliptic Fourier analysis for the handaxes assemblage illustrated by three Fourier shapes.
// 6. abra. A szakocak elliptikus Fourier analizisének eredményei, harom Fourier forméaval illusztralva.

Tomponent 2

Component 1

Figure 7. Results of the elliptic Fourier analysis for the leaf point assemblage illustrated by three Fourier shapes. //
7. abra. A levélhegyek elliptikus Fourier analizisének eredményei, harom Fourier formaval illusztralva.

is best emphasized by the three specimens from Wylotne
Rockshelter, which were designated by linear regression
(see Fig. 1: b).

As it was mentioned before, LMP leaf points sample was
used here only for comparative purposes, but the author
noticed that it shows an interesting pattern of shape re-
gression. Three Fourier shapes designated by the linear re-
gression clearly show, that there exists a reduction in the
midsection of leaf points, while the tip area and the base
are held constant (Fig. 7). This pattern is emphasized by the
leaf shaped implements from Nietoperzowa Cave and from
Mauern.

7. Discussion

The results show, that the featured typological categories
correspond well with results of the geometric morphomet-
ric analysis. There exist common areas between all assem-
blages, but generally, Keilmesser, handaxes and leaf points
form separate clusters in the scope of geometric mor-
phometric analysis. The greatest overlap exists between

handaxes and knives. It may be due to the fact, that these are
closely related typological categories by means of their or-
igin. Their genetic relation was already suggested by Hahn
(1991), and also R. Schild described Keilmesser as “handaxes
with a back” (Schild-Wendorf 1977). It can be observed, that
in course of the cluster analysis, the specimens have been
organised hierarchically. Of the highest significance are the
most homogenous clusters, which are usually paired with
a quantitatively smaller cluster with diverse composition
of specimens. Given the strictly quantitative character of
this analysis, these specimens are in the range of statisti-
cal error.

One of the most intriguing outcomes of the PCA is the ran-
dom distribution of Keilmesser. They show no signs of shape
regression, which would indicate continuous resharpening.
If reduction affected their proportions, then it should come
as a diminishing of values on the PCA plot, since the stud-
ied assemblage comprises specimens which can be consid-
ered as initial as well as exhausted (i.e. Fig. 1: a). On the basis
of these observations, it is hard to conclude that reduction
was the main reason for the diversity of Keilmesser shapes.
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Figure 8. Vectors indicating the shift of landmarks position according
to principal component 1, in the assemblage of Keilmesser (1), handaxes
(2) and leaf points (3). //

8. abra. Az elsé fékomponens szerinti jellet-elmozdulast illusztrald
vektorok a Keilmesser (1), a szakdca (2) és a levélhegy (3) mintakban.

There exists a strong correlation between the assemblages
of handaxes and Keilmesser, especially according to PC two
and three. This may indicate a common origin of these typo-
logical categories. The similar distribution of handaxes and
leaf points suggests, that they generally undergo the same
type of shape alterations, namely from specimens with ex-
panded, irregular contour to forms, which are elongated
and symmetrical. The discrimination of triangular handax-
es in course of the analysis of PC two and three is unclear.
In the authors opinion, these PCs probably focus on the re-
semblance of the outline shapes in terms of tools symmetry.
That is probably why Keilmesser were so scattered accord-
ing to hese PCs and most handaxes and leaf points (which
are generally symmetrical) were clustered around the 0,0
value, which is the centroid of a PCA plot.

Most of the variance in the Keilmesser assemblage is caused
by the irregularities of natural surfaces, which were pre-
served in the back and at the base of these tools, probably
for improving prehension. PCA landmark vectors show,
that regions of the tip and the cutting edge are mostly held
constant, while the back and the base undergo serious de-
formations as compared to the consensus shape (Fig. 8).
This indicates that knives were often made of nodules or
plaquettes of raw material which significantly differed in
sizes and shapes which affected the form of finished tools.

The outline shape of the “active” sections, and especially the
working edge, are very similar in most specimens.

The position of handaxes on the PCA plot confirms a shift
of proportions from expanded shapes with an oval contour
(Fig. 4: specimen 107 - Fajer et al. 2001: Fig. 3; specimen 127,
128 - Targosz 2006: Plate 42, 46) through forms with straight
edges and a triangular contour (i.e. Fig. 4: specimen 130, 123
- Boron 2006: Plate 99; Targosz 2006: Plate 40), to handaxes
with straight or slightly concave edges, which are intensive-
ly elaborated with flat, surface retouch (Fig. 4: specimens
108,110, 142 - Fajer et al. 2001: Fig. 4a; Targosz 2006: Plate 43;
Fig. 3: 110, 126, 144 - Targosz 2006: Plate 44, 45; Boron 2006:
Plate 104). It is notable that handaxes and leaf points are
similarly distributed, mainly according to PC1, which gen-
erally shows the transition from broad, oval shapes to the
most elongated specimens.

Acheulean handaxes showed a pattern of reduction involv-
ing mainly the rejuvenation of the tip. This resulted in the
transition from a pointed to oval morphology (McPherron
1995; 1999; 2000; 2003; Iovita-McPherron 2011). In the stud-
ied assemblage of KMG handaxes an opposite pattern can be
observed. It seems that reduction was in this case aimed at
resharpening, or simply depleting the stone material from
the edges, but leaving the tip relatively unmodified. In gen-
eral, this may have had an impact on handaxe outline shape,
causing the observed transition from oval morphology to-
wards handaxes with straight or concave edges and a pro-
nounced tip.

The EFA also revealed an interesting pattern present with-
in the leaf point assemblage. The width of these imple-
ments undergoes evident contraction, which obviously is
due to the changes in leaf point manufacture. The technol-
ogy of leaf points production changes significantly through
time. Throughout the time span of the leaf point industry,
they are gradually being replaced by points made of slen-
der blades with flat retouch covering only their proximal
or distal sections (the so-called “Jerzmanowice points”). This
pattern is observable in the younger episodes of occupation
of the Nietoperzowa Cave (Fig. 1: ¢) and in Mauern as well
(Koztowski 2004: 400-402). The outline shape deformations
showed by EFA are very regular and they apply only to the
edges of the leaf points, while the proximal and distal areas
remain constant, as if the intention was to maintain elonga-
tion as well as the tip and base within exactly the same pro-
portions (Fig. 7).

8. Conclusions

The results indicate that the applied method of statistical
shape analysis coincides well with the typological categories
established for LMP bifaces. However, the outcome of clus-
ter and principal component analysis point out that the sub-
sequent assemblages of LMP biface types are indeed fuzzy
sets. All of the studied groups of specimens corresponding
with the subsequent tool types contain some specimens of
other types. This way, all the typological categories create
mixed assemblages, which overlap at some point. This is
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probably due to the general similarity of outline shapes fea-
tured by LMP bifaces.

In the light of PCA, it cannot be confirmed, that Keilmesser
were continuously reduced in course of resharpening, at
least not to the point where it would significantly alter the
morphology of these tools. Instead, the results suggest, that
in the studied assemblage we are dealing with outline shape
variation, which is caused by irregularities of raw material
blanks, out of which Keilmesser were made.

The application of elliptic Fourier analysis have yielded
some interesting patterns of shape change among handax-
es and leaf points. In the first case, we may be dealing with
a pattern of reduction, which was due to the continuous de-
pletion of dulled edges of handaxes. This pattern may also
be an effect of the knappers intention to obtain a more elon-
gated biface with a pronounced tip.

The pattern observed in the leaf point assemblage is partly
an effect of the changing technology of leaf points produc-
tion. However, the relative constancy with which the prox-
imal and distal parts of these tools were shaped throughout
the subsequent episodes of the settlement of Nietoperzowa
Cave remains unexplained. At this point, it is hard to prop-
erly interpret this pattern of shape alteration. The author
would suggest that such change may be due to the gradual
improvement of leaf points performance, nevertheless fur-
ther research on this subject needs to be conducted.

Although the applied method is limited, because it takes
no account of the technical and metric features, it may be
useful in constructing holistic models of artifact shape re-
duction (occurring synchronically or diachronically). Nev-
ertheless, to avoid misinterpretation, one should bear in
mind two limitations encountered in the course of the dis-
cussed analysis. Firstly, the method serves best when ap-
plied to quantitatively large assemblages. Lower and Middle
Palaeolithic bifaces are often irregular, and a larger sample
(one preferably assembled from several sites) will allow for
amore comprehensive view. Secondly, including a test sam-
ple of different provenance than the main assemblage can
assist the interpretation of shape change trajectories and
bring in potentially interesting results.
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