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a b s t r a c t

For archaeologists, metallic artifacts are key materials to assess Middle Bronze Age production areas and
cultural exchanges. Here, a set of 629 bronze palstaves excavated in northern France, belonging to Breton
and Norman typological groups, was treated by (open) outline-based morphometrics with orthogonal
polynomial regression. Using robust statistics developed for outlier detection, these Norman and Breton
palstave outlines can be divided into two groups: those for which the shape fluctuates close to the
standard shape, called “congruent” axes, and those which are far enough from this standard to be
considered as “non-congruent”, although they possess most of the features of the typological group. The
highest density of discovery (whether congruent and non-congruent in shape) is in the extreme east of
Brittany for the Breton axes, while the Norman axes are concentrated in northern Normandy, hence the
choice of names. However, the distribution of congruent and non-congruent artifacts appears to be
spatially dependent for the Norman group, and to a lesser extent for the Breton group, as there are
proportionally more congruent specimens inside the supposed production areas than outside. This
contradicts the generally accepted archaeological scheme which hypothesizes that all axes in a group
originate from the same production center, and that some items were exported from there to supply
neighboring regions. Other minor production centers probably existed, copying the original model with
greater shape variation.

�

1. Introduction

In Western Europe, the Middle Bronze Age (1650e1350 BC) was
a period where production of metallic objects developed (Briard,
1965; Rowlands, 1976; O’Connor, 1980; Briard and Bigot, 1989). In
France, bronze palstave blades are particularly well represented
(Verney, 1989; Gabillot, 2003). Such abundance is probably linked
to the need for tools to clear forests for agricultural purposes and
also in response to the increasing demand for wood. Several types
of palstave blades have been recognized by archaeologists of the
French Prehistorical Society (Briard and Verron, 1976). Their clas-
sification is based on macroscopic observations, including the
general shape and the presence of specific ornaments. Two types
are particularly abundant in northern France: the Breton and the
; fax: þ33 (0)3 80 39 57 87.
. Monna).
Norman types, named after their areas of highest discovery density,
the Breton peninsula and Normandy (Briard, 1965; Verney, 1989,
recently confirmed by Gabillot, 2003). The numerous specimens
found several hundred kilometers away from their supposed
production areas are commonly interpreted as resulting from
export. Although very useful, the assignment of artifacts to
a particular type supplies no information about morphological
distribution inside the type, in terms of mean shape and shape
diversity (disparity). The close examination by morphometric
procedures of the population forming a typemay, however, provide
finer clues about production areas, possible diffusion of artifacts,
know-how, and population mobility.

In a recent companion work, it was demonstrated that the open
outline of the inner lateral rib was a powerful morphometric
criterion to discriminate Breton and Norman specimens as it
separated the two populations in a similar way to traditional
typology based on macroscopic observations (Forel et al., 2009).
The choice of the inner lateral rib ensues from the fact that the rib is
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more regular than the lateral curvature as it is representative of the
mold, and that its shape is not drastically modified by elimination
of the casting cone, preparation of the axe for use, or further
repetitive sharpening operations (Gabillot, 2006). Axe profiles were
treated by Discrete Cosine Transform (DCT), a procedure already
applied in paleontology to study ammonite species (Dommergues
et al., 2006, 2007), followed by a discriminant analysis performed
on computed harmonic amplitudes. Special attention was paid to
possible sources of error, such as obtaining the inner lateral rib from
archaeological documentation, the drawing operation itself, and
the mathematical treatments (these steps are detailed in Forel
et al., 2009). It is noteworthy that considering the inner lateral rib
as the sole descriptor of blades is a reductionist approach, as other
useful parameters featuring the axes are now ignored (e.g. presence
and nature of decorations, metal composition, etc). However, by
extracting only a few coefficients representative of the shape, it
becomes possible to quantify shape disparity within each group
precisely and to calculate the distance separating a particular item
from the mean shape of its typological group. This valuable infor-
mation is inaccessible to the naked eye. In the previous study,
Breton palstaves appeared to be significantly more standardized
than Norman ones, suggesting regional differences in the organi-
zation of metallic production (Forel et al., 2009). Interestingly, most
of the palstaves discovered at Sermizelles (Burgundy), a site located
several hundred kilometers from Brittany and Normandy (lower
Seine Valley), were far from the standard shapes featuring the
Norman and Breton types. They did not define a third typological
group either, as they displayed a vast variety of shapes with many
individuals, spreading out to the edge of themorphological space of
Breton and Norman axes, or even outside (see Forel et al., 2009,
Fig. 5c, p. 726). Their shape disparity was therefore too great to be
compatible with a simple assortment of Breton and Norman types,
as previously believed. Some of them therefore possibly came from
other sources, perhaps from copies, as they presented most of the
features commonly found in both Breton and Norman types (Forel
et al., 2009; Gabillot et al., 2009). The concluding remark of this
previous work was that other centers of Norman- and Breton-like
Fig. 1. Typical Breton (a) and Norman (b) palstaves. The Breton type is narrow, and possesses
consisting merely of a thin rib under the stopridge. The Norman type is defined by a trapez
stopridge (Verney, 1989; Gabillot, 2003, illustration from Forel et al., 2009).
palstaves may have existed outside the presumed limits of
production areas. Strong presumptions plead in favor of local
production in the region of Sermizelles, where environmental
studies have indicated that nearby mineral resources were
exploited by Prehistoric societies (Monna et al., 2004; Jouffroy-
Bapicot et al., 2007). However, the morphological data from this
previous set of axes were not treated by spatial analysis, because
the main focus of the study was the comparison of axes found in or
nearby the presumed production areas (Brittany and Normandy),
with axes from the Sermizelles hoard.

Classically, the geographical distribution of artifacts may reveal
places where major production took place (perhaps even
secondary, minor centers). Our working hypothesis is that links
may exist between spatial distribution and artifact shape. We
therefore sought to identify geographical clusters of high or low
proportions of specimens presenting features close to the mean
shape. If such clusters can be recognized, the spatial distribution of
artifacts can therefore be aligned with natural, social and cultural
phenomena. Characterizing these links may be of great value in
understanding the organization of production, and hence, in
assessing the material and immaterial relationships linking
prehistoric societies.

2. Material and method

2.1. Corpus

Data were acquired on an extended corpus compared to the
previous study: 319 palstaves of Breton type instead of 203, and 310
Norman ones instead of 177 (see Fig. 1 for main characteristics of
Norman and Breton palstaves). This new corpus now covers awider
geographical area (74 locations for the Breton and 98 for the
Norman types), which extends far beyond the presumed produc-
tion districts (i.e. Brittany and Normandy), as it encompasses
approximately the northern half of the current French territory
(Fig. 2). The aim, here, is to compare districts assumed to be sites of
active production, and neighboring regions which are classically
a rectangular, thin, proximal part with straight flanges and little decoration, sometimes
oidal blade, a rectangular proximal part with convex flanges, and decoration under the



Fig. 2. Location of the sites where the Norman and Breton palstaves were excavated. Black circles correspond to hoards containing only Breton palstaves, white circles to hoards
with only Norman palstaves. When both types were found, the distribution is expressed as a pie-chart. Hereafter are listed the site names and in parentheses, the number of
palstaves of each type (N for Norman, B for Breton): 1. Abbeville (1 N, 1 B), 2. Amiens (3 N), 3. Amilly (1 N), 4. Anzy-le-Duc (7 N, 3 B), 5. Ars-en-Ré (1 B), 6. Auray (1B), 7. Bacqueville
(1 N), 8. Barzan (1 B), 9. Bazoches-en-Dunois (1 N), 10. Bécherel (1 B), 11. Besné (3 B), 12. Blaru (2 N), 13. Boigny-sur-Bionne (1 N), 14. Boisgervilly (5 B), 15. Boulogne-sur-Mer (2 N), 16.
Bourneville (3 N), 17. Boynes (1 N), 18. Bréval (4 N), 19. Brion (1 B), 20. Calorguen (1 N, 1 B), 21. Campandré-Valcongrain (1 N), 22. Canteleu (1 N, 1 B), 23. Chalon-sur-Saône (1 B), 24.
Chambourcy (2 N), 25. Charray (1 N), 26. Chartres (1 N, 1 B), 27. Chassiecq (2 N, 7 B), 28. Châteaumeillant (1 B), 29. Chaveignes (1 N), 30. Chazelles (6 B), 31. Chérac (1 B), 32.
Cherbourg-Octeville (1 N), 33. Chéry (2 N, 5 B), 34. Chevenon (2 N, 3 B), 35. Chinon (1 N, 1 B), 36. Civry (1 N), 37. Compiègne (2 N), 38. Condé-sur-Iton (1 N), 39. Corbeil-Essonnes
(2 N), 40. Créhen (2 B), 41. Derval (2 B), 42. Dierre (1 N), 43. Dijon (1 N), 44. Dinan (5 B), 45. Distré (1 N), 46. Domagné [Chaumeré] (1 B), 47. Domalain (7 B), 48. Doué-la-Fontaine
(1 N), 49. Douy (1 B), 50. Epieds-en-Beauce (1 N), 51. Etrépagny (1 N), 52. Evreux (18 N), 53. Fougères (1 B), 54. Fourmetot (2 N), 55. Gien (1 N), 56. Gisors (2 N), 57. Guérande (1 B),
58. Héric (1 N, 4 B), 59. Heuqueville (31 N), 60. Houville-la-Branche (1 N), 61. La Chapelle-du-Bois-des-Faulx (26 N), 62. La Hérelle (1 N), 63. La Rochelle (2 B), 64. Languenan (7 B), 65.
Le Boulay-Morin (4 N, 1 B), 66. Le Coudray-Montceaux (1 N), 67. Le Gué-de-Longroi (16 N), 68. Le Landin (1 N), 69. Le Trévoux (1 N), 70. L’Eguille (1 N), 71. Les Andelys (1 N), 72. Les
Baux-Sainte-Croix (4 N), 73. Les Grandes-Ventes (1 N), 74. Les Montils (6 N, 4 B), 75. Livet-sur-Authou (6 N), 76. Longny-au-Perche (7 N, 1 B), 77. Lons-le-Saunier (12 N), 78. Lucenay-
les-Aix (1 N), 79. Luzillé (1 B), 80. Mâcon (1 N), 81. Manneville-la-Raoult (1 N), 82. Marçay (1 B), 83. Mareil-Marly (1 N), 84. Meulan-en-Yvelines (1 N, 1 B), 85. Molain (1 N), 86.
Montargis (1 N), 87. Montignac-Charente (1 N), 88. Montlouis-sur-Loire (1 B), 89. Mordelles (2 B), 90. Morlaix (1 B), 91. Moutiers (3 B), 92. Muchedent (1 N), 93. Neuilly-le-Brignon
(1 N), 94. Nouvion (1 N), 95. Orival (2 N), 96. Oucques (1 N), 97. Ouroux-sur-Saône (4 N, 1 B), 98. Ouvrouer-les-Champs (1 N), 99. Poilly-lez-Gien (1 N), 100. Poitiers (2 B), 101. Poligné
(2 B), 102. Pons (1 N), 103. Pontgouin (1 N), 104. Rampan (1 N), 105. Rannée (1 B), 106. Rigny-sur-Arroux (2 N), 107. Rosay (1 B), 108. Rouen (6 N), 109. Ruan (1B), 110. Saffré (3 B), 111.
Saint-Briac-sur-Mer (1 B), 112. Saintes (1 N), 113. Saint-Florentin (1 N), 114. Saint-Fraigne (1 B), 115. Saint-Genouph (2 B), 116. Saint-Georges-d’Oléron [Sauzelle] (5 B), 117. Saint-
Georges-du-Vièvre (1 N), 118. Saint-Germain-en-Laye (21 N), 119. Saint-Léger-de-Rôtes (1 N), 120. Saint-Martin-de-Ré (1 N, 1 B), 121. Saint-Martin-sur-Ocre (1 B), 122. Saint-Nazaire
(1 B), 123. Saint-Porchaire (1 B), 124. Saint-Quay-Portrieux (2 B), 125. Saint-Rémy-la-Varenne (3 B), 126. Saint-Samson-de-la-Roque (3 N), 127. Saint-Thois (150 B), 128. Scaer (1 B),
129. Segré (1 B), 130. Senlis (1 N), 131. Sens (1 B), 132. Sermizelles (29 N, 11 B), 133. Sougy (1 N), 134. Suaux (1 B), 135. Sucy-en-Brie (4 N), 136. Taden (1 B), 137. Tonnerre (1 N), 138.
Tours (4 N, 10 B), 139. Trizay (1 N, 5 B), 140. Vaux-sur-Aure (3 N, 6 B), 141. Verdun-sur-le-Doubs (2 N), 142. Verneuil-l’Etang (1 N), 143. Ver-sur-Mer (1 N), 144. Vilhonneur (1 B), 145.
Villabon (2 B), 146. Ville-d’Avray (1 N, 3 B), 147. Villejust (1 N), 148. Villequiers (1 B), 149. Villiers-Saint-Frédéric (1 N), 150. Vitré (1 B), 151. Vitry-sur-Seine (1 B).
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considered as consumers (passive). The artifacts were discovered
fortuitously throughout the 19th and 20th centuries, most of the
time consecutively to agricultural works and country planning
(bridges, roads and railway constructions, etc.). They sometimes
consist of isolated findings but, more often, they are part of a set of
palstaves, possibly including other objects such as weapons,
jewelry, etc. The corpus consists of all specimens available in the
archaeological literature in the form of drawings (Bouet-Langlois,
2009; Gabillot, 2001, 2003; Gomez, 1980; Mordant, unpublished;
Ture, 1997), except for those items which were brokenwhen found.
It is noteworthy that the hoard of Saint-Thois predominates among
the Breton type, as it represents 150 items out of a total of 319. Its
presence obviously influences the geographical distribution of the
Breton type, but macroscopic observations made by Gabillot (2001)
tend to indicate that the shape disparity within this hoard is
comparable (although not quantified) to that observed within the
whole Breton type population. In the following, the assignment of
a particular axe to the Breton group or to the Norman group used
the currently accepted standard typology described in detail in
Gabillot (2003), which provides a critical and exhaustive review of
the available archaeological literature. Some original drawings
available in the literature are probably not fully consistent because
they may represent an idealized view of the artifacts. However, as
a very large corpus of 629 items is considered here, it is reasonable
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to think that final uncertainties due to possible lack of precision of
some original drawings will be eliminated, or at least considerably
reduced.

2.2. Morphometry

2.2.1. Drawing and sampling
All inner lateral ribs, which consist in curves, were drawn using

tracing paper (Fig. 3, steps 1 & 2). As mentioned before, thematerial
available from Forel et al. (2009) was reused and supplemented by
249 new axes drawn by a new operator. The new operator was
careful to use the same criteria for choosing the start and the end of
the profile to draw, because this step was previously identified as
a possible source of error (Forel et al., 2009). The good agreement
between drawings of the inner lateral ribs produced by each
operator was first checked on a training set of 30 palstaves before
completing the corpus. The drawings were scanned at 300 dpi and
saved in TIF format (Fig. 3, step 3). Coordinates of open outlines
were extracted from the TIF image using a home-made script
written for MATLAB� (Fig. 3, step 4). Note that its analog can be
found for the free R software (http://www.r-project.org) as the set
of similar functions described in Claude (2008). Two hundred
equally spaced points were sampled along the chord linking the
starting and ending points (X-values), and the Y-values were eval-
uated perpendicularly to these positions. Baseline registration was
then operated by sending the start and the end of the profiles to the
respective coordinates (�1,0) and (1,0) (Bookstein, 1991; cf. Fig. 3,
Fig. 3. Data processing. Extraction of the inner lateral rib from the available archaeological
treatment.
step 5). This method rotates, translates and scales all profiles, so
that the coordinates are no longer dependent on size, position or
orientation.

2.2.2. Regressing and extracting coefficients
Profiles were regressed using Legendre orthogonal polynomials

(see Rohlf, 1990 for fundamentals, and Rhode et al., 2001 for an
application). More details about properties of this polynomial
family can be found in the Appendix section. A script was devel-
oped for the R software, using the orthopolynom R package, which
contains a set of functions (e.g. legendre.polynomials()) allowing
regression to be easily computed. As with classical polynomials,
coefficients are used as shape variables (Fig. 3, step 6). The higher
the degree of polynomials is, the more precise is the reconstruction
of the outline. The adjusted-R2 is used to quantify the quality of
reconstruction:

R2adj ¼ 1�
�
1� R2

��n� 1
n� p

�
(1)

where n is the number of observations, p the degree of the
polynomials.

2.2.3. Distance to the mean shape (centroid)
Each individual, i, is defined by a vector, ai, containing the

estimated values of coefficients, bai;k (k denotes the degree of the
monomials from 0 to p):
documentation, drawing, scanning, sampling, baseline registration, and mathematical

http://www.r-project.org
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ai ¼
�bai;0; bai;1; bai;2;.; bai;p

�T
;

for a pth-order polynomials, where T denotes the transpose of the
matrix. The mean group vector of each group (i.e. Breton or
Norman), which represents the centroid or mean shape, is defined
by m ¼ ðbm0; bm1; bm2;.; bmpÞT , where bmk is the estimated mean of allbai;k. Then, the distance of each specimen from the centroid of its
group can be evaluated using as metric the squared Mahalanobis
distance, D2

i :

D2
i ¼ ðai � mÞTS�1ðai � mÞ (2)

where S�1 denotes the inverse of the sample covariance matrix of
the typological group considered. This distance is here better
adapted than the Euclidean distance because it standardizes the
coefficients. Interestingly, if a follows a multivariate normal
distribution, D2

i follows a chi-squared distribution at p þ 1 degrees
of freedom (Baxter, 2003). With the R software, the Mahalanobis
distance is computed using the mahalanobis() function of the stats
package. Unfortunately, for each group, the presence of several
outliers affects both the sample covariance matrix, S, and the
position of the centroid, m (Atkinson and Mulira, 1993). That is why
squared robust distances, RD2

i , are frequently computed using high-
breakdown robust multivariate location (t) and scale estimator (S)
in place of m and S, respectively:

RD2
i ¼ ðai � tÞTS�1ðai � tÞ (3)

Many algorithms have been developed to assess RD2
i . One of

them exploits the minimum covariance determinant (MCD) to
estimate the t and Smatrices. It has been proved to be efficient and
is widely used (e.g. Alameddine et al., 2010). Functions such as
CovMcd()and getDistance() are available in the rrcov package for R.
More details about the technical calculation procedure can be
found in Rousseeuw and Driessen (1999) and Alameddine et al.
(2010). In order to test the validity of such an approach in our
case, both classical Mahalanobis and robust distances were
computed and compared. To summarize, the higher D2

i or RD2
i are,

the farther the blades are from the centroids (mean shapes) of their
group. On this basis, both Breton and Norman palstaves were
divided into two sub-groups: (i) those which can be considered as
reasonably conforming to the mean shape, namely “congruent”
palstaves, and (ii) those which are far enough from the mean shape
to be considered as “non-congruent”, although their overall char-
acteristics identify them as either Norman or Breton.

2.2.4. Mapping palstave density
The spatial distribution of the two types of palstaves (Breton and

Norman)was achieved usingGaussian kernel functions for bivariate
data, apopularmethod for visualizinggeographical distribution (e.g.
Cusimano et al., 2010). Kernel density estimation produces inter-
polatedmapswhich are invaluable for estimating values over a large
region from which only samples have been taken. The degree of
density estimate smoothing is controlled by bandwidths: large
bandwidths produce over-smoothing which can mask some local
features, whereas small bandwidths may create roughness in the
estimates (see Baxter et al., 1997 for a review on the method and its
potential in archaeology). As a first step, tools based on cross vali-
dation (functions available in the ks package for R) were used to
produce theoretical optimum bandwidths (Wand and Jones, 1994).
As a second step, an empirical approach selected bandwidths of
50 km for X and Y, which is slightly higher than values provided by
the cross validationmethod (35e40km). Suchvalueswerepreferred
as they tend to over-smooth the density estimate, and substantially
reduce the chance of over-interpretation (Stevens et al., 2009).
2.2.5. Cluster detection
First, an approach based on a dual kernel density estimate (so-

called kernel density ratio) was applied to our set of data to
examine visually the geographical structure in terms of under- or
over-representation of non-congruent palstaves (see Siqueira et al.,
2004 for details and an application in medicine). In other words,
the purpose was to see if the ratio of densities of congruent/non-
congruent blades is the same everywhere or not. Dual kernel was
computed by dividing the density estimations of congruent pal-
staves by those of non-congruent palstaves. Although visually
friendly, this procedure suffers from major drawbacks. Regions far
from the discovery of non-congruent palstaves lead to computation
of anomalously high congruent/non-congruent ratios, so that only
the regions with an appreciable number of palstaves can be taken
into account in the analysis. Moreover, census data are ignored and
the statistical significance of the obtained ratios in relation to
random fluctuations cannot be evaluated under a Bernoulli prob-
ability distribution.

To palliate this weakness, the procedure was supplemented by
the use of scan statistics to identify statistically significant areas
with high or low proportions of non-congruent palstaves. This step
was performed using SaTScan v9.1 (http://www.satscan.org/;
Kulldorff et al., 1998), software very widely used in the health
sciences (e.g. Green et al., 2003; Beroll et al., 2007). Basically, the
space is progressively scanned using ellipses of gradually expand-
ing size, moving from one finding location to another, in which
non-congruent and congruent axes are counted. For each scanning
window center and size, the congruent vs. non-congruent distri-
bution is tested against the null hypothesis, which corresponds to
spatial randomness, meaning that the proportion of non-congruent
palstaves is the same everywhere, inside and outside the ellipse.
The window with the maximum likelihood is the most likely
cluster. Secondary clusters with lower likelihood may also be
detected (see Kulldorff and Nagarwalla, 1995; and the operating
manual provided with the SaTScan software for details about
p-value calculations). Scans were operated for areas with high or
low rates of cases (a case is here a non-congruent palstave), in other
words to identify regions where proportions of non-congruent
palstaves are significantly too high or too low to be compatible
with spatial randomness.

3. Results and discussion

3.1. Choice of the number of coefficients necessary to describe the
palstaves

The full set of palstaves (n ¼ 629) was sequentially regressed
using orthogonal polynomials with p, the order of polynomials,
increasing from 1 to 10. It appears that the adjusted-R2 quickly
increased to reach values close, on average, to 0.95 from p ¼ 3
(Fig. 3, step 6; Fig. 4). In other words, about 95% of the variation of
the inner lateral rib is described only by four numbers: the first
three coefficients plus the constant. From that point, adjusted-R2

slowly increases to tend asymptotically toward 1 (Fig. 4). The high
goodness of fit obtained with only a cubic polynomial regression is
due to the simplicity of the profiles with, at worst, two local
maxima/minima. Increasing the order of polynomials (i.e. by taking
p > 3) will slightly improve the goodness of fit, but may also have
a deleterious effect on the calculation of the distance of each
individual from the group centroid because each coefficient ak acts
in a same way due to normalization by its variance. Mixing at equal
weight high-order polynomial coefficients (which explain little of
the variance) with the first four polynomial coefficients (which
explain almost 95% of the total variance) is definitely not a good
choice. As a result, the following steps were performed using only

http://www.satscan.org/
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the first 4 coefficients obtained by Legendre orthogonal polynomial
regression (i.e. considering a third-order regression).

3.2. Discriminating congruent and non-congruent palstaves

Mahalanobis and robust distances, which separate the speci-
mens from the mean shape of their group, were computed sepa-
rately for Breton and for Norman types. If the coefficients follow
a multivariate normal distribution, D2

i and RD2
i are supposed to

follow chi-squared distributions at p þ 1 degrees of freedom (here
p ¼ 3, see above). The quality of the adjustment to the expected
multivariate normal distribution is represented in the form of
sample quantile vs. theoretical (wc24) quantile diagrams. In the
Mahalanobis plots (Fig. 5a,b), specimens close to the centroid
match well the theoretical c24 distribution (although they plot
sometimes slightly below the y ¼ x line), suggesting that poly-
nomial coefficients, at least for these individuals, roughly follow
a multivariate normal distribution. However, from a certain point,
sample values drastically diverge from theoretical quantiles,
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Fig. 5. Sample quantiles vs. theoretical quantiles for a c2 distribution with 4 degrees of fre
Breton (b) groups. The line y ¼ x corresponds to the conformity with multivariate normal
indicating the occurrence of outliers, which may have parasitized
by their simple presence the calculation of the covariance matrix
(S) and of the centroid location (m). When computing robust
distances in place of Mahalanobis distances, the situation
becomes clearer (Fig. 6a,b). The specimens close to the centroid
now almost perfectly fit the theoretical c24 e based distances,
while the point at which divergence begins becomes much more
clearly identifiable, especially for the Breton palstaves (see Fig. 5b
vs Fig. 6b). These procedures, based on assumed multivariate
normal distribution of estimates, are often applied for outlier
detection by experimental scientists. For this purpose, atypical
observations are generally considered to result from measure-
ment or transcription errors, or may even derive from exceptional
events, which are, by definition, not supposed to occur frequently.
By convention, any point which has a D2

i (or RD2
i depending on

calculation strategies) exceeding c2df¼y;0:975, is considered as
atypical. Such a threshold makes the whole procedure highly
conservative (i.e. only a few samples are rejected). A straightfor-
ward application of this convention is not appropriate here,
because there may be a high proportion of non-congruent pal-
staves in both Norman and Breton populations. That is why
thresholds used to separate both groups into congruent and non-
congruent sub-groups were set at the distance where robust
distance values start to diverge from theoretical expectations.
Such thresholds are materialized in Fig. 6a,b by horizontal lines at
RD2

i > 5.4 for the Norman and RD2
i > 6.8 for the Breton palstaves.

These cut-offs identify 77 non-congruent palstaves out of a total of
310 (24.8%) for the Norman type (Fig. 6a) and 53 non-congruent
palstaves out of a total of 319 (16.6%) for the Breton type
(Fig. 6b). The drawings of specimens depicted in Fig. 6a,b help to
assess where the congruent palstaves stand in contrast to the non-
congruent ones.

3.3. Mapping shape distribution for the two groups

3.3.1. The Norman group
Fig. 7a represents the kernel density interpolation for the

Norman group. The highest density is observed between Paris and
the mouth of the Seine and lies along the Seine, although a minor
site is also recognized in Burgundy. Under the null hypothesis that
the proportion of non-congruent axes is spatially independent, the
density ratio congruent/non-congruent should randomly fluctuate
around 3 (233 congruent specimens/77 non-congruent
specimens ¼ 3.03), and should not exhibit any spatial structure.
The reality is quite different as the dual kernel produces a clear
pattern (Fig. 7b). An area (ellipse 1), perfectly matching the highest
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Fig. 6. Sample quantiles vs. theoretical quantiles for a c2 distribution with 4 degrees of freedom built on the basis of the squared robust distances for the Norman (a) and Breton (b)
groups. The line y ¼ x corresponds to the conformity with multivariate normal distribution. The threshold values are set at the distance where robust distance values start to diverge
from theoretical expectations. These thresholds separate the palstaves into two categories: the congruent and non-congruent ones. Open outlines of some specimens are depicted in
order to make clearer the progressive divergence from the mean shape.
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densities of discovery (Fig. 7a), is clearly identified by scan statistics
as presenting a significantly low rate of non-congruent pasltaves:
out of a total of 148 palstaves, only 14 are non-congruent, whereas
36.8 specimens would be expected. Such a distribution is too
Fig. 7. Absolute kernel density interpolation for Norman (a) and Breton palstaves (c). Dual
non-congruent palstaves, for Norman (b) and Breton types (d). The ellipses correspond to t
congruent palstaves obtained by scan statistics (purely spatial scan statistic under a Bern
permutations).
unbalanced to result from a Bernoulli probability model (p ¼ 10�5).
Another area covering part of Burgundy and the northern Massif
Central (ellipse 2) is statistically recognized as exhibiting an
anomalously high rate of non-congruent palstaves (p ¼ 0.027): out
kernel, computed by dividing the density estimation of congruent palstaves by that of
he most likely (❶) and secondary (❷) clusters for high and/or low proportions of non-
oulli probability model, elliptic scanning and Monte Carlo randomization with 999
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of a total of 89, 38 are non-congruent, whereas 22.1 would be ex-
pected. The null hypothesis must therefore be rejected for the
Norman group.

3.3.2. The Breton group
Fig. 7c represents the kernel density interpolation for palstaves

belonging to the Breton type. The extreme east of Brittany is a hot
spot, but such a high-density position is governed by the presence
of the Saint Thois hoard. Under the null hypothesis, the dual kernel
is supposed to oscillate randomly around 5 (266 congruent items/
53 non-congruent items ¼ 5.02). The moderate spatial structure
observed is in part confirmed by scan statistics (Fig. 7d). The most
likely cluster (ellipse 1, located close to the low Loire valley) shows
a significantly high proportion of non-congruent palstaves
(p ¼ 0.048): where the 5 axes within the ellipse are all non-
congruent, while only 0.83 items would be expected. A secondary
cluster is identified in the extreme east of Brittany (ellipse 2, which
encompasses the Saint Thois hoard), with 16 non-congruent pal-
staves out of a total of 159, while 26.42 would be expected.
However, it does not appear statistically significant since its p-value
is 0.702. The situation for the Breton axes seems therefore to be
much less clear than for the Norman ones.

4. Archaeological interpretation

4.1. Inferences for Norman-type production

First of all, the highest density of Norman palstave discovery
does not precisely match the current eponymous Normandy
administrative region, but rather lies along the middle and low
Seine valley. One simple scenario might explain the areas where
high and low proportions of non-congruent palstaves are
observed (Fig. 7b). Metalworkers produced the entire set of so-
called Norman palstaves along the Seine, but they preferentially
exported the models which differed the most from the mean
standard shape, so that nowadays, there is a low proportion of
non-congruent specimens inside the region of production, and
a higher proportion outside. Although theoretically acceptable,
this scheme is not likely; first, because it is not always easy to
distinguish the non-congruent specimens with the naked eye,
even for such skilled metalworkers, and second because that
would imply a stricter management of exchanges than could
plausibly have existed at that time. A more likely explanation is
that the majority of Norman palstaves were manufactured
according to rules that metalworkers had to follow, in the low
Seine valley where the type was probably invented. There would
have been little incentive to develop new shapes, or variations
around the original model. Such a scenario explains why non-
congruent palstaves are proportionally less abundant in the low
Seine valley. That would imply control over the production, but
the way in which this control was exerted is not clear. One can
invoke control by the elites, the control of only a few metal-
workers over a large production, or multiple producers following
a very strict technological style (i.e. control through socially
accepted standards); these hypotheses are not mutually exclusive.
Some of the palstaves produced in the middle and low Seine
valley, including both congruent and non-congruent blades, were
exported to neighboring communities, who were familiar with
the original Norman type. These communities may also have
produced their own blades following the Normanmodel, but their
copies exhibited greater shape disparity, so that non-congruent
palstaves are proportionally more abundant than in the low
Seine valley. These ‘Norman-like’ palstaves are found in greater
proportion in Burgundy and in the northern Massif Central. Some
of these copies may also have been exported elsewhere.
4.2. Inferences for Breton-type production

The highest density of Breton palstave discovery matches the
Brittany peninsula, even when the Saint Thois hoard, with its 150
specimens, which overwhelms the analysis, is removed (not shown
here). One area with a high proportion of non-congruent palstaves
is observed, but it concerns too limited a subset of the corpus (only
5 items) to be of real archaeological relevance. Additional tests (not
shown here) were performed by removing the hoard of Saint Thois,
but no spatial structure could be statistically identified, perhaps
because of the drastic downsizing. Several scenarios can be invoked
to explain the relatively homogeneous spatial distribution of
congruent vs non-congruent Breton palstaves: (i) most of the
production, including congruent and non-congruent palstaves,
took place in Brittany and was partly exported to neighboring
regions indistinctly, (ii) palstaves were produced in Brittany, but
copies were made elsewhere; however, these copies matched the
original model so well that they are not distinguishable by spatial
statistics, or (iii) intense circulation of artifacts masks the initial
distribution. It is noteworthy that any inferences made here are
drawn from a corpus which can be biased with respect to the
original distribution. In the current state of knowledge, it is
impossible to favor either of these hypotheses using this corpus.

4.3. Exchanges of raw material and formed artifacts

In the low Seine valley, metal resources are lacking, so that raw
material used by metalworkers had necessarily to be acquired
elsewhere. England, the Alps and southern France, where prehis-
toric mines have been discovered and studied (Barge, 1997; Ambert
et al., 2002), are classically evoked as the main providers of copper
and tin at that time (Routhier, 1999). Abundant mineral resources
from the surrounding French crystalline massifs may also have
been used. In Brittany, mineral resources are abundant although
there is currently no archaeological evidence of their exploitation.
In the Vosges massif, the recent analysis of metallic pollution
archived in a peat bog reported a geochemical anomaly around
1500 cal. BP, which might possibly be related to atmospheric
emissions consecutive to local mining and smelting (Forel et al.,
2010). The presence of mining during the Bronze Age has been
demonstrated in the Morvan (northern Massif Central) using the
same methodology that has been applied to several peat cores
(Monna et al., 2004; Jouffroy-Bapicot et al., 2008), in other words in
areas formerly considered by archaeologists as passive with respect
to metal production and consumption at that time. The accessibility
of abundant local raw material in the northern Central Massif may
have been an asset for the development of local metallurgy, which
took as models the Norman (and perhaps the Breton) palstaves. A
major result of the present study is that, at least for the Norman
type, a clear spatial structure in terms of high or low proportions of
non-congruent palstaves can now be seen. This necessarily implies
that exportation/importation exchanges were limited for this type,
otherwise the spatial structure observed would have vanished due
to the homogenization consecutive to intense circulation.

5. Conclusions

The difference between the traditional approach made by
archaeologists dealing with typology and morphometrics is that
shape disparity within a type can be only roughly assessed by the
naked eye (especially when several hundreds of specimens are
considered), while it can be precisely quantified bymorphometrics.
That constitutes a valuable advance, which complements tradi-
tional typology. Accompanied by spatial analysis, the information
contained in artifact shape disparity can be a precious tool to
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identify artifact production areas and exchange networks. The
procedure is based on objective measurements and hypothesis
testing, making it reliable, reproducible and capable of being
updated when new discoveries are made. However, it requires the
discrimination of congruent vs non-congruent objects, which is not
as straightforward as in other studies (e.g. epidemics, where the
status e sick/not sick e can most of the time be determined
unambiguously). In the case of archaeological materials, an
appropriate method to determine a threshold has to be found. The
close examination of the robust distances from the centroid
provides efficient guidelines here. If the structure of the data is
clear enough, the results of the spatial analysis will be highly
robust, as is the case here for the Norman type. In all cases, a large
corpus is desirable.

More specifically for the Bronze Age palstaves, it is demon-
strated that the low Seine valley is the place where most of the
Norman-type palstaves were produced, with low shape variation.
This tends to imply a strict control of production in this area. The
artifacts were exported from there, but other minor centers, in
Burgundy and in the northern Massif Central, probably copied
them, but with less stability around the standard shape. If such
a spatial structure can still be seen nowadays, it must mean that the
intense exchanges leading to geographical homogeneity did not
occur. The situation is less clear for the Breton palstaves, which
exhibit almost homogeneous spatial distribution with respect to
congruent and non-congruent sub-group proportions. Therefore, in
this case, no clear archaeological inferences can reasonably be
drawn for the Breton palstaves, for which several scenarios are still
envisageable.
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Appendix A

Orthogonal polynomials

Considering the simplicity of the profiles, a straightforward
procedure would consist in regressing the curves by classical
polynomial functions (Rohlf, 1990). With n points (Xj, Yj), j ¼ 1,
2,.,n, where X is a predictor variable (the abscises) and Y is
a response (the ordinates), we obtain :

Y ¼
Xp
i¼0

biX
i þ ε

where bi represent the coefficients sought and ε the error term.
However with classical polynomials, multicolinearity of predictors
(1, X, X2, X3,., Xp) occurs, especially at a high degree, evenwhen the
X are centered or, better, rescaled in [�0.5, 0.5], as recommended by
numerous textbooks (e.g. Marques de Sá, 2007). The covariance
matrix tends to be ill-conditioned, leading to problems in fitting by
least squares. As a consequence, the bbi coefficients estimated may
appear to be somewhat unstable (small changes in Y may lead to
relatively large changes in bbi) and they are correlated. Adding
another term biþ1Xiþ1 induces changes in the estimates of all
coefficients. Substantial benefit can be found with orthogonal
polynomials because they produce coefficients which are not
correlated (Smyth, 1998). The basis composed by the predictors is
orthogonal, leading to minimized approximation and round-off
errors (Draper and Smith, 1998):
Y ¼
Xp
i¼0

ai4iðXÞ þ ε

where ai represent the coefficients sought, and 4i(X) the orthogonal
polynomials associated to the scalar product:

ðPjQÞ ¼
Z1
�1

PðxÞQðxÞdx

The sequence of Legendre polynomials can be obtained by
recurrence, 40(x) ¼ 1, 41(x) ¼ x, and then by the Bonnet’s recursion
formula:

ðnþ 1Þ4nþ1ðxÞ ¼ ð2nþ 1Þx4nðxÞ � n4n�1ðxÞ
They can then be normalized by replacing 4i(x) by

4iðxÞ
k4iðxÞk

where
k4iðxÞk ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið4iðxÞj4iðxÞÞ

p
Estimated bai coefficients, calculated using a least squares

procedure, are uncorrelated when X is uniformly distributed over
[�1, 1]. Unlike classical polynomials, these coefficients have no
meaning when adjusted to a known physical law, but this is not
a drawback here because the purpose is only to describe shapes. On
the other hand, higher order polynomials can be computedwithout
modifying the lower order coefficients. This simplifies the deter-
mination of the degree at which a suitable fitting equation is found.
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